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peptide 1 (GLP-1) comprising mammalian GLP-1 linked to a heterologous signal sequence are encompassed by the present invention.
= The invention also relates to a method of promoting insulin production in an individual comprising administering to the individnal an
X effective amount of 2 nocleic acid encoding a precursor GLP-1. The present invention also relates to a method of treating an individ-
ual having a blood sugar defect (e.g., type I or type II diabetes), comprising administering to the individual an effective amonat ofa
nucleic acid encoding the precursor GLP-1. In a particular embodiment, the invention pertains to a method of treating an individual
O having a blood sugar defect sugar defect comprising administering to the individval an effective amonnt of a nucleic acid encoding
a precursor GLP-1 wherein the precursor GLP-1 comprises a signal sequence which codes for precursor cleavage at the activation
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“ Methods of Treating Diabetes and Other Blood Sugar Disorders

'RELATED APPLICATION(S)

This application claims the benefit of U.S. Provisional Application No.
60/310,982, filed August 8, 2001, The enﬁrg teachings of the above application(s)

are incorporated herein by reference.

BACKGROUND OF THE INVENTION

In general terms, the most common types of diabetes mellitus are Type I,
Impaired Glucose Tolerance (“IGT”) and Type II. In Type I diabetes, the beta cells in
the pancreas, probably through an auto-immune reaction, cease producing insulin .
into the bloodstream of the person. Insulin is a chemical substance which is normally
secreted into the bloodstream by beta cells within the pancreas. Insulin is vitally
important to the person because it enables the person to properly utilize and
consume sugar in the bloodstream as part of the metabolism process.

Two major forms of diabetes mellitus are now recognized. Type I diabetes,
or insulin-dependent diabetes, is the result.of an absolute deﬁciency of insulin, the
hormone which regulates glucose utilization. Type II diabetes, or non-insulin-
independent diabetes, often occurs in the féce of normal, or even elevated levels of
insulin and appears to be the resuit of the inability of tissues to respond appropriately
to insulin. Most of the Type I diabetics are also obese. In Type I cases, where the
pancreas has ceased producing insulin, it is necessary for the afflicted person to
inject insulin directly into the bloodstream at prescribed periodic intervals and
dosages in order to control the level of sugar in the blood. This is called intravenous
injection. Oral ingestion of insulin is also possible but usually less effective due to
the degradation of insulin caused by the passage through the stomach and upper
intestine.
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In IGT and Type II diabetes, the pancreas continues to produce insulin but,
some or all of the insulin may fail to bind to the body's cell receptors and/or
internalization of insulin in the cells is rediiced. In such cases, there may be a
sufficient level of insulin in the blood, but the ability of the cells to uptake glucose is
reduced or non-existent because of reduced internalized insulin. In a Type II diabetic
cells to which insulin is bound does not take up glucose indicating a defect in the
signaling pathway. This r&sﬁlts in an increased need for insulin, however, this need
for insulin is not met because the B cells in a Type II diabetic are defective in that
they do not secrete enough insulin. |

The existence of Type L, IGT or Type II-diabetes in a person is usually
determined by an oral glucose tolérance test (OGTT). OGTT is a test in which the
fasting patient is given a known amount of glucose (sugar) by mouth, and the blood
is tested at intervals thereafter to note the quantity of sugar in the blood. A curve is
then constructed from which important information about the person can be drawn.
The glucose tolerance test curve will typically show whether the patient is
hyperglycaemic (diabetic) or whether the patient has too little sugar in his or her
blood and is therefore hypoglycaemic. A

Symptoms of hyperglycaemia can be headaches, increased urination, thirst,
nausea, weight loss, fatigue and coma. Hyperglycaemia can be caused by
Hypoinsulinism, a condition in which the insulin producing beta cells of the
pancreas fail to manufacture insulin or manufacture and secrete a reduced amount of
insulin into the bloodstream. In such cases, levels of sugar in the blood are
dramatically increased.

Hyperglycaemia can also be caused by failure of some or all of the available insulin
in the blood to bind to the body's cell receptors and/or internalization of insulin in
the cells is reduced. Hypoglycaemia (too little sugar) is also a blood condition that
diabetics must constantly guard against. The symptoms of hypoglycaemia are abrupt
episodes of intense hunger, trembling of the hands and body, faintness, black spots
before the eyes, mental confusion, sweating, abnormal behaviour, and, in severe

cases, convulsions with loss of consciousness. In such cases, examination of the
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blood at the time of these attacks will show an extremely low level of circulating
sugar in the blo;)d. ‘

4 Tnsulin dependent diébetes mellitus (IDDM) is an organ specific autoimmune
disease affecting close to a million people in different age groups in the United
States. The disease is characterized by extensive destruction of the insulin producing
beta cells in the pancreatic islets and dysregulation of glucose metabolism leading to
frank diabetes. The defining feature of IDDM is the lymphocytic infiltration of the
islets. Among the invading cells, T cells appear to be one of the maj <;r mediators of
autoimmune destruction. Type I diabetes i.s further characierized by increased levels
of antibodies to varidus islet associated antigens, iﬁcludjng insulin, GAD65, GAD67
and ICAS12. These antibodies can be detected much before frank disease, and an
immune response to such antigens can be used as a predictor for impending diabetes
in patients with susceptible genetic (HLA) haplotypes. Currently, patients are
dependent on insulin injections to maintain normoglycemia.

Insulinisa polyéeptide hormone consisting of tvs;o di_sulﬁde—linked chains,
an A chain consisting of 21 amino acid residues and a B chain of 30 residues. While
administration of insulin can provide significant benefits to patients suffering from
diabetes, the short serum half-life of insulin creates difficulties for maintaining
proper dosage. The use of insulin also can result in a variety of hypoglycemic side-
effects and the generation of neutralizing antibodies. Lee et al., Nature 408:433-488
(2000) have created a single~chain insulin analog (SIA), which does not need to be
processed, and thus is relatively simple to make recombinantly. Others, such as
Thule et al. Gene Therapy 7:1744-1752 (2000) have engineered an insulin chain that
is processed by furin, a ubiquitously expressed endoprotease.

Type Il diabetes is a progressive, multifactorial disease which results from
insulin resistance and is characterized initially by elevated fasting blood glucose
levels. Itis believed that genetic factors contribute to susceptibility to type I
diabetes, but other important risk factors such as, obesity, aging, diet, and lack of
exercise also play arole. A large number of drugs have been developed to treat
hyperglycemia, including those that promote release of insulin from the pancreas,

uptake of glucose from the blood, and reduction in the level of glucose production.
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Unfortunately, these treatments generally only slow the pro gression of type I
diabetes, which can progress to an msulm dependent state and the development of
compliéaﬁons associated with diabc_:tes such as hypertension, problematic ulcerative
Jesions on litabs, end-stage renal failure, retinopathy and cardiovascular disease. -

- New therapies, especially therapies that can halt disease progression and, thus, its

complications are urgently needed. More than 10 million people in the US alone
suffer from type II diabetes, with the incidence increasing dramatically.

Proglucagon is expressed in a. cells of the pancreas and in intestinal L cells
but is proteolytically processed in these cell types to different peptide hormones that
have opposing biological actions on glucose homeostasis. In a cells in the pancreas,
proglucagon is processed to glucagon, which opposes the action of msuhn and in
the intestinal endocrine L cells it is processed to glucagon-like peptide (GLP-1).
This differential processing is due to differential expression of specific
endoproteases belonging to the family of subtilisin-like pro-protein convertases. PC2
is expressed in the a cells in the pancreas whereas PC3 (also known as PC1) is
expressed in the intestinal L cells.

Glucagon-like pcbtide (GLP-1) is released from the intestine in response to
food uptake and has many activities.. In its native form, GLP-1 is a 37 amino acid
peptide known to inhibit neurons in the nervous system responsible for food and
water intake. Tang-Christensen et al., Diabetes 47:530-537 (1998). In addition,
GLP-1is an insulinotropic molecule, however, only when an individual is in a
hyperglycemic state. . '

Glucagon-like peptide 1 (GLP-1) is known to play a critical role in the
regulation of the physiological response to feeding. GLP-1 is processed from
proglucagon and is released into the blood from the endocrine L-cells mainly located
in the distal small intestine and colon in response to ingestion of a meal. GLP-1 acts
through a G protein-coupled cell surface receptor (GLP-1R) and enhances nutrient-
induced insulin synthesis and release. GLP-1 stimulates insulin secretion
(insulinotropic action) and cAMP formation. GLP-1(7-36) amide stimulates insulin
release, lowers glucagon secretion, and inhibits gastric secretion and emptying.

- These gastrointestinal effects of GLP-1 are not found in vagotomized subjects,
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pointing to a centrally-mediated effect. GLP-1 binds with high affinity-to isolated rat
édipocytes, activating cAMP production and stimulating lipogenesis or lipolysis.
GLP-1 stimulates glycogen synthesis, glucose oxidation, and lactate formation in rat
skeletal muscle. |

Other important properties of GLP-1 include its ability to promote B cell
differentiation and replication, thus aiding in the preservation of pancreatic islets,
and its ability to inhibit gluconeogenesis in the liver. |

Messenger RNA encoding the pancreatic-type GLP-1 receptor is found in
relatively high quantities in rat pancreatic islets, lung, hypothalamus, and stomach.
Interestingly, despite the knowledge that both GLP-1 and GLP-1 receptors are found
in the hypothalamus, no central role for GLP-1 was determined until a recent report
that GLP-1 administered by the intracerebroventricular route (ICV) markedly
inhibits feeding in fasted rats. The same report indicates that after ICV
administration of GLP-1, c-fos, a marker of neuronal activation, appears exclusively
in the paraventricular nucleus of the hypothalamus and in the central nucleus of the
amygdala, two regions of the brain of primary importance in the regulation of
feeding. ICV GLP-1 also significantly reduces food intake following injection of the
powerful feeding stimulant, neuropeptide Y, in animals fed ad libitum. A subsequent
report demonstrates that GLP-1 administered centrally or peripherally is involved in
control of body temperature regulation, but does not affect food intake after acute
intraperitoneal administration in rats. A recent article reports that lateral ventricular
injections of GLP-1 in sated rats induce extensive stimulation of Fos-ir in the
paraventricular nucleus and parvoceliular central nucleus of the amygdala,
substantiating Turton, et al Additionally, these investigators described strong
activation of other centers involved in the regulation of feeding, including the
immediate early gene protein product in the nucleus of the tractus solitarius, the
pontine lateral parabrachial nucleus, the basal nucleus of the stria terminals, and the
area postrema. GLP-1 receptors accessible to peripheral GLP-1 are found in the rat
subfornical organ and area postrema.
Turton et al. (1996) specifically state that the effects of GLP-1 on body weight and
food intake are cansed oniy by administration of GLP-1 directly in the
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cerebrovenh'icu_lum, that intraperitoneal administration of GLP-1, even at relatively

: higﬂ ;loes, does not affect early dark-phase feeding, and that GLP-1 fragments are

inactive when administered peripherally. Such statements discourage the use of
GLP-lasa compositién (pharmaceutical agent) for reducing body weight, because
central routes of administration, such as the ICV route, are not feasible for treating
obesity in humans. The physiological effects of GLP-1 documented above have led
to the suggestion of its beneficial use for treating diabetes and obesity by
transplanting recombinant cell lines encoding GLP-1 or GLP or GLP-1 receptors, for
example (WO 96/25487). '

However, an urgent need exists for alternative, effective therapies for blood

disorders such as diabetes.

SUMMARY OF THE INVENTION

The present invention relates to compositions which can be used to treat
blood sugar disorders such as diabetes. More particularly, the present invention
relates to nucleic acids which encode a glucagon-like 1 peptide (GLP-1), vectors

.comprising the nucleic acids and methods in which the compositions are

administered to an individual to promote (stimulate) insulin production. Thus, the
compositions of the present invention provide for the freatment of blood sugar
disordets.

. In particular, the present invention relates to an isolated nucleic acid which
encodes a precursor glicagon-like peptide 1 (GLP-1) comprising mammalian GLP-1
linked to a heterologous signal sequence.

In one embodiment, the mammalian GLP-1 encoded by the isolated nucleic
acid has the amino acid sequence of GLP-1 7-37 (SEQ ID NO: 21). In another
embodiment, the GLP-1 is a modified GLP-1. For example, the modified GLP-1
encoded by the nucleic acid has an amino acid sequence in which alanine at position
8 of GLP-1 7-37 is replaced with glycine (SEQ ID NO: 22). Other examples of
modified GLP-1 include GLP-1 having an amino acid sequence selected from the
group consisting of: GLP-1 (7-34) (SEQ ID NO: 23), GLP-1(7-35) (SEQ ID NO:
24), GLP-1(7-36) (SEQ ID NO: 25), Val® -GLP-1(7-37) (SEQ ID NO: 26), Glr’ -

1
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GLP-1(7-37) (SEQ ID NO: 27), Thr'® -Lys'® -GLP-1(7-37) (SEQ ID NO: 28), Lys'®- .
GLP-1(7-37) (SEQ ID NO: 29) and D-GIn’-GLP-1 (7-37) (SEQ ID NO: 30).

The heterologous signal sequence which is linked to the mammalian GLP-1
comprises a cleavage site which is cleaved by a peptide (e.g., a protease). For
example, the heterologous signal sequence can be a (one or more) signallpeptide
sequence and/or a leader sequence. The heterologous signal sequence can be
derived from a pfotein such as a cytokine, a growth factor, a colony stimulating
factor, a clotting factor, a protein of a (PACAP)/Ghicagon superfamily and-a serum
protein. For example, the heterologous signal sequence can be derived froma
secreted human alkaline phosphatase (SEAP) signal peptide sequence, a proexendin-
4 leader sequence, & pro-helodermin leader sequence, a pro-glucose dependent .
insulinotropic polypeptide (GIP) leader sequence, a pro-insulin-like growth factor 1
(IGF1) leader sequence, a preproglucagon leader sequence or an an alpha-1
antitrypsin leader sequence. In a particular embodiment, the heterologous signal
sequence comprises a furin cleavage site. The furin cleavage site can encode a
peptide such as Arg-X-Lys-Arg (SEQ ID NO: 34), Arg-X-Arg-Arg (SEQ ID NO:
35), Lys/Arg-Arg-X-Lys/Arg-Arg (SEQ ID NO: 36) and Arg-X-X-Arg (SEQ ID NO:
37)such as an Arg-Gln-L&s—Arg (SEQ ID NO:38). The heterologous signal sequence
can also comprises a prohormone convertase (PC) cleavage site. |

In one embodiment, the isolated nucleic acid which encodes a precursor
GLP-1 comprising mammalian GLP-1 linked to a heterologous signal sequence is
selected from the group consisting of SEQ ID NO: 1; SEQ ID NO: 3; SEQ ID NO:
5; SEQIDNO: 7; SEQ ID NO: 9; SEQ ID NO: 11; SEQ ID NO: 13; SEQ ID NO:
15; SEQ ID NO: 17; and SEQ ID NO: 19.

In another embodiment, the isolated nucleic acid which encodes a precursor
GLP-1 comprising mammalian GLP-1 linked to a heterologous signal sequence,
encodes an amino acid sequence selected from ﬁe group consisting of: SEQ ID NO:
2; SEQ ID NO: 4; SEQID NO: 6; SEQ ID NO: 8; SEQ ID NO: 10; SEQID NO: 12;
SEQ ID NO: 14; SEQ ID NO: 16; SEQ ID NO: 18; and SEQ ID NO: 20.

The present invention also relates to an isolated precursor GLP-1 comprising

mammalian GLP-1 linked to a heterologous signal sequence. In one embodiment,
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the present invention also relates to an isolated polypeptide encoded by a nucleic

~ acid described herein. The precursor GLP-1 can comprise a GLP-1 (e.g., SEQ ID

NO: 21) or a modified GLP-1 (e.g., modified GLP-1 having an amino acid sequence
in which alanine at position 8 is replaced with glycine (SEQ ID NO: 22), GLP-1 (7-
34) (SEQ ID NO: 23), GLP-1(7-35) (SEQ ID NO: 24), GLP-1(7-36) (SEQ ID NO:
25), Va* -GLP-1(7-37) (SEQ ID NO: 26), Glr’ -GLP-1(7-37) (SEQ ID NO: 27),
Thr'® -Lys' -GLP-1(7-37) (SEQ ID NO: 28), Lys'®-GLP-1(7-37) (SEQ ID NO: 29)
and D-GIn’GLP-1 (7-37) (SEQ ID NO: 30).

The heterologous signal sequence of the precursor GLP-1 polypeptide can be
a signal peptide sequence and/or a leader sequence. The heterologous signal
sequence can be derived from a secreted human alkaline phosphatase (SEAP) signal
peptide sequence, a proexendin-4 leader sequence, a pro-helodermin leader
sequence, a pro-glucose dependent insulinotropic polypeptide (GIP) leader sequence,
a pro-insulin growth factor 1 (IGF1) leader sequence, 2 preproglucagoﬁ leader
sequence, an alpha-1 antitrypsin leader sequence and an insulin like growth factor 1.
In a particular embodiment, the precursor GLP-1 comprises a furin cleavage site

(e.g. Arg-X-Lys-Arg (SEQ ID NO: 34), Arg-X-Arg-Arg (SEQ ID NO: 35),

Lys/Arg-Arg-X-Lys/Arg-Arg (SEQ ID NO: 36) and Arg-X-X-Arg (SEQ ID NO: 37)
such as an Arg-Gln-Lys-Arg (SEQ ID NO:38)). In another embodiment, the
precursor GLP-1 comprises a prohofmo;xe convertase (PC) cleavage site. In
particular embodiments, the isolated precursor glucagon-like peptide 1 (GLP-1)
comprising mammalian GLP-1 linked to a heterologous signal sequence has an ‘
amino acid sequence selected from the group consisting of SEQ ID NO: 2; SEQID
NO: 4; SEQ ID NO: 6; SEQ ID NO: 8; SEQ ID NO: 10; SEQ ID NO: 12; SEQ ID
NO: 14; SEQ ID NO: 16; SEQ ID NO: 18; and SEQ ID NO: 20.

The present invention also relates to an expression vector comprising a
nucleic acid which encodes a precursor GLP-1 comprising mammalian GLP-1 linked
to a heterologous signal sequence. In one embodiment, the expression vector can be
a viral vector (e.g., an adenovirus vector, a partially-deleted adenovirus vector, a
fully-deleted adenovirus vector, an adeno-associated virus vector, a

pseudoadenovirus, a retrovirus vector, a herpesvirus and a lentivirus vector).
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The present invention also relates to an isolated host cell comprising a
nucleic acid which encodes a preéursor GLP-1 comprising mammalian GLP-1 finked
1o a heterologous sighal sequence. In a particular embodiment, the isolated host cell
corﬁprises an expression vector described herein. V

The present invention also reiates to a method of promoting insulin
production in aw individuél in need thereof (e.g., Type I diabetic, Type II diabetic),
comprising administering to the individual an effective amount of a nucleic acid
encoding a precursor GLP-1 comprising mammalian GLP-1 linked to a heterologous '
signal sequence, wherein the precursor GLP-1 is cleaved in vivo or ex vivo which
results in generation of activated GLP-1 in the individual. In one embodiment, the
nucleic acid is administered in a viral vector (e.g., an adenovirus vector, a partially-

. deleted adenovirus vector, a fully-deleted adenovirus véctor, an adeno-associated

virus vector, a pseudoadenovirus, a retrovirus vector, a herpesvirus vector and a
lentivirus vecto.r).

The present invention also relates to a method of treating an individual
having a blood sugar defect, comprising administering to the individual an effective
amount of a nucleic acid encoding a precursor GLP-1 comprising mammalian GLP-
1 linked to a hetcrologous signal sequence, wherein the precursor GLP-1 is cleaved
in vivo or ex vivo which results in generation of activated GLP-1 in the individual.
The blood sugar defect can be, for example, a defect such as Typga I diabetes, Type II
diabetes and/or hyperglycemia. ,

The methods of promoting insulin production and treating a blood sugar
defect in an individual can also compriée administering a precﬁrsor GLP-1 peptide.
In this embodiment, the protease that cleaves the heterologous signal sequence from
the GLP-1 can also be administered with (simultaneously, sequentially) the GLP-1
precursor peptide. -

A Thus, the compositions of the present invention can be used as an alternative,

effective treatment of blood sugar disorders such as diabetes.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows the nucleotide (SEQ ID NO: 1) and amino acid (SEQ ID NO:
2) sequencés of the signal peptide from secreted human alkaliﬁe phosphatase
(SEAP) linked to Gly-8 modified human GLP-1 (GL?—I-G]y—S), designated
SEAP.GLP-1Gly8.

Figure 2 shows the mucleotide (SEQ ID NO: 3) and amino acid (SEQID NO: -
4) sequences of the leader from proexendin-4 linked to GLP-1-Gly-8, designated
Exendin-4.GLP-1Gly8. _

Figure 3 shows the nucleotide (SEQ ID NO: 5) and amino acid (SEQ ID NO:
6) sequences of the leader from pro-helodermin linked to GLP-1 -Gly-8, designated
Helodermin. GLP-1Gly8. \

Figure 4 shows the nucleotide (SEQ ID NO: 7) and amino acid (SEQ ID NO:
8) sequences of the leader from pro-glucose dependent insulinotropic polypeptide
(GIP) linked to GLP-1-Gly-8, designated GIP.GLP-1GLy8.

Figure 5 shows the nucleotide (SEQ ID NO: 9) and amino acid (SEQ ID NO:
10) sequences of the leader from pro-insulin-like growth factor 1 (IGF1) linked to
GLP-1-Gly-8 via a consensus furin cleavage site, designated IGF-1 (furin). GLP-
1Glys. | ’

Figure 6 shows the nucleotide (SEQ ID NO: 11) and amino acid (SEQ ID
NO: 12) sequences of the leader from pro-insulin-like growth factor 1 (IGF1) linked
to GLP-1-Gly-8, designated IGF-1.GLP-1GlyS.

Figure 7 shows the nucleotide (SEQ ID NO: 13) and amino acid (SEQ ID
NO: 14) sequences of the leader from preproglucagon linked to GLP-1-Gly-8,

designated Preproglucagon. GLP-1Gly8.

Figure 8 shows the nucleotide (SEQ ID NO: 15) and amino acid (SEQ ID
NO: 16) sequences of the leader from alpha-1 antitrypsin linked to GLP-1-Gly-8,.
designated Alpha-1 antitrypsin.GLP-1Gly8.

Figure 9 shows the nucleotide (SEQ ID NO: 17) and amino acid (SEQ D
NO: 18) sequences 6f amino acids 1-46 of human factor IX which contains a signal



WO 03/014318 . PCT/US02/25227

w

10

-11-

peptide and a cleavage site for a prohormone convertase linked to GLP-1-Gly-8,
designated Factor IX. GLP-lGlyS. ‘

Figure 10 shows the nucleotide (SEQ ID NO: 19) and amino acid (SEQ ID
NO: 20) sequences of the leader from proexendin-4 linked to GLP-1-Gly-8 via the
cleavage site of IGF-1, designated Exendin-4 (IGF-1).GLP-1Glys.

Figure 11 are schematics of the IGF-1.GLP-1Gly8, the Preproglucagon. GLP-
1Gly8, the Alpha-1 antitrypsin GLP-1Gly8, Exendin-4.GLP-1Gly8, the Exendin-4
(IGF-1).GLP-1Gly8, and the Factor IX.GLP-1Gly8. ‘

Figure 12 is a bar graph showing GLP-1 expression levels in the supernatant
0f 293 cells transfected with SEAP.GLP-1Gly8, Exendin-4.GLP-1Gly8,
Helodermin.GLP-1Gly8, GIP.GLP-1GLy8, IGF-1(furin).GLP-1Gly8 or a control
(mock). : '

Figure 13 is a bar graph showing GLP-1 expression levels in the supernatant
0f 293 cells transfected with Alpha-1 antitrypsin. GLP-1Gly8, Preproglucagon. GLP- _
1Gly8, IGF-1.GLP-1Gly8, Exendin-4.GLP-1Gly8 or Exendin-4 (IGF-1).GLP-1Gly8.

Figure 14 is a bar graph showing GLP-1 secreted from C2C12 cells
transfected with Exe_ndin—4.GLP—1Gly8, Exendin-4 (JGF-1).GLP-1Gly8 or Factor
IX.GLP-1Gly8. ‘

Figure 15 is a graph showing the plasma concentrations of GLP-1 in mice
transduced with GLP-1 expression plasmids by high-volume tail vein injection.

Figure 16 is a graph showing the blood glucose levels of obese db/db mice
and their lean littermates that were treated with a high volume injection of plasmid
DNA coding for exendin4 GLP-1 undér the control of the CMV enhancer/ubiquitin
promoter.

Figure 17 is a graph showing inducible expression of GLP-1 using the
Valentis Gene Switch System.

Figures 18A-18B list examples of modified GLP-1.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to an isolated nucleic acid (e.g., DNA, cDNA,

RNA) which encodes a precursor glucagon-like peptide 1 (GLP-1) comprising
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mammalian GLP-1 linked to a heterologous signal sequence, isolated polypeptides
encoded by the nucleic acids of the present invention, expression vectors and host
cells comprising the nucleic acids of the present invention and methods of using the

nucleic acids and polypeptides to iaromote insulin production in an individual in

- need thereof. The heterologous signal sequence is not the signal sequence normally

associated (non-native) with the wild type GLP-1 precursor protein (i.e., the signal
sequence(s) of the full length pr('iglucagon) and provides for cleavage of the
precursor GLP-1 by a protease. Upon cleavage of the signal sequence from the GLP-
1 precursor by the protease, biologically active GLP-1 is produced. '

As used herein, the term “isolated” (partially or substantially “purified”)
refersto a coﬁiposition that is substantially free of contaminating material from the
source from which the composition is -obtained.

GLP-1 (7-37) is a single chain glycoprotein which is insulinotropic and is
secreted into the blood in an active form. In vitro and in vivo, GLP-11is -
proteolytically inactivated by dipeptidyl peptidase IV. Diabetes patients appear to
have reduced levels of GLP-1. As used herein, "GLP-1" means mammalian (e.g.
human) GLP-1(7-37). By custom in the art, the amino-terminus of GLP-1(7-37) has
been assigned number 7 and the carboxy-terminus, number 37. The amino acid
sequence 6f GLP-1(7-37), which is well-known in the art, is presented below:

NH,—His’-Ala-Glu-Gly'’-Thr-Phe-Thr-Ser-Asp'*-Val-Ser-Ser-Tyr-

Leu®-Glu-Gly-Gln-Ala-Ala ®-Lys-Glu-Phe-Te-Ala®-Trp-Leu-Val-

Lys-Gly*-Arg-Gly’-COOH (SEQ ID NO:21).

The precursor GLP-1 of the present invention can also comprise a modified
GLP-1. As used herein a "modified GLP-1" is defined as a GLP-1 molecule having

a (one or more) modification in the GLP-1 nucleic acid sequence and/or amino acid

sequence (e.g., one or more nucleic acid and/or amino acid substitutions, deletions,

inversions, or additions when compared with GLP-1) and retains the biological
activity of GLP-1 when cleaved from the GLP-1 precursor. As used herein, a
“biological activity of GLP-1" (“biologically active GLP-1") includes one or more
biologicél activities associated with GLP-1 (e.g., having insulinotropic activity (the
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ability to promote/stimulate insulin secretion); the ability to lower glucagon
secretion; the ability to affect weight loss).

Amodiﬁed GLP-1 can compriée a truncated GLP-1 sequence and can also
include a GLP-1 beginning from amino acids 1, 2, 3, 4,5, 6 or 7 of the full length
GLP-1 peptide, and ending at amino acid 36 or 37 of the full GLP-1 peptide. Thus,

. the “modified GLP-1" can include the GLP-1 beginning from amino acid 1 to amino

acid 37, referred to herein as “full length glucagon-like peptide 1". In a particular
embodiment, the modified GLP-1 includes a mutation of amino acid 8 from Ala to
Gly (SEQ ID NO: 22). Other modified GLP-1 molecules are known in the art, and
include, for example, GLP-1(7-34) (SEQ ID NO: 23), GLP;1(7—3 5) (SEQ ID NO:
24), GLf-1(7-36) (SEQ ID NO: 25), Val® -GLP-1(7-37) (SEQ ID NO: 26), Glr’ -
|GLP-1(7-37) (SEQ ID NO: 27), Thr'é -Lys'® -GLP-1(7-37) (SEQ ID NO: 28), Lys':-
GLP-1(7-37) (SEQ ID NO: 29) and D-Gln® -GLP-1(7-37) (SEQ ID NO: 30). Other
modified GLP-1 molecules include GLP-1 (2-37) (SEQ ID NO: 31); GLP-1 (3-37)
(SEQ ID NO: 32); GLP-1 (6-37) (SEQ ID NO: 33). GLP-1{7-34) (SEQID NO:23) .
and GLP-1(7-35) (SEQ ID NO: 24) are disclosed in U.S. i’at. No. 5,118,666. These
compounds are biologically active (processed) forms of GLP-1 (e.g., having
insulinotropic pmperﬁes). Additional modified GLP-1 molecules are disclosed in
U.S. Pat. No. 5,545,618. Modified GLP-1 molecules suitable for the practice of the
invention include the active fragment that effects weight loss. Parﬁcular modified
GLP-1 molecules are those that are resistant to cleavage inactivation by dipeptidyl
protease IV (DPPIV).

The modifications described herein can be introduced into other mammalian
GLP-1 as they are identified, and whether the resulting modified GLP-1 is
biologically active GLP-1 in vivo, can be assessed using known methods. The
nucleic acid encoding modified GLP-1 described herein can be obtained from
commercial sources, recombinantly produced or chemically synthesized. Sequence

modifications of the modified GLP-1 described herein can be accomplished using a

' variety of techniques. For example site-directed mutagenesis and/or enzymatic

cleavage can be used. Additional modified GLP-1 molecules similar to those
described herein, can be prepared by those of skill in the art. Such modified versions
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of GLP-1 can be assessed for their ability to induce the production of insulin in vivo
using a variety of knnown assays for GLP-1 activity. For example, a modified GLP-1
can be introduced into a cell, such as an immortalized B cell, and the resulting cell _
can be contacted with glucose. If the cell produces insulin in response to the

- glucose, then the modified GLP-1 is biologically active in vivo (Fehmann, et al,

Endocrinology, 130:159-166 _(1 992)). Altematively, as described in Example 1
(Figure 16), an expression plasmid comprising the modified GLP-1 can be |
introdnced into a db/db mouse using high volume tail vein injection. If the amoumt
of glucose in the db/db mouse is reduced upon expression of the modified GLP-1,
then the modified GLP-1 is bioiogically active in vivo.

As used herein “a heteroiogous signal sequence” is defined as a signal
sequence which is not the signal sequence normally associated (non-native) with the
wild type GLP-1 precurosr protein (i.e., the signal sequence(s) of the full length
proglucagon precursor molecule) and which provides for cleavage of the precursor
GLP-1 by a protease. Upon cleavage of the heterologous éignal sequence from the
GLP-1 precursor by the protease biologically active GLP-1 is produced. The
heterologous signal sequence generally comprises a region which encodes a cleavage
site recognized by a protease for cleavage. Alternatively, a region which encodes a
cleavage site recognizéd by a protease for cleavage can be introduced into the
heterologous signal sequence. Furthermore, additional (one or more) sequences
which encodes a cleavage site recognized by a proteasé for cleavage can be added to
the heterologous signal sequence or to the precursor GLP-1.

In a particular embodiment, the heterologous signal sequence is cleaved by a
protease that is present in cells into which the precurosr GLP-1 is introduced.

However, if the protease that cleaves the heterologous signal sequénce is not present

‘in the cell, the protease can also be introduced into the cell into which the precurosr

GLP-1 has been introduced (e.g., introduced simultaneously or sequentially with the
precursor GLP-1). Any suitable heterologoué signal sequence which, when cleaved
from the precursor GLP-1, results in generation of activated GLP-1, can be
introduced into the cleavage activation site of the GLP-1 of the present invention.
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As-used herein, the “cleavage actjvation site of GI.Pfl“ is at about amino acid 7 of
full length GLP-1, | |

A “heterologous signal sequence” can be, for examinle, a signal peﬁﬁde
sequence and/or 2 leader sequence (e.g., a secretory signal sequence). Examples of
heterologous signal sequences which can be used in the compositions of the present
invention include a signal sequence derived from a secreted protein other than GLP-
1, such as a cytokine, a clotting factor, an immunoglobulin, a secretory enzyme or a
hormone (including the pituitary adenylate cyclase activating polypeptide
(PACAP)/qucagon superfamily) and a serum protein. For example, a heterologous
signal sequence for use in the present invention can be derived from secreted human
alkaline phosphatase (SEAP), pro-exendin, pro-helodermin, pro-glucose-dependent
insulinotropic polypeptide (GIP), pro-insulin-like growth factor IGF1),
preproglucagon, alpha-1 antitrypsin, insulin-like growth factor 1 and human factor
IX. Particular examples of a heterologous signal sequences are sequences which
include a coding region for a signal for precursor cleavage by signal peptidase aﬁd
furin or other prohormone convertase (e.g., PC3). For example, a signal which is
cleaved by furin (also known as PACE, see U.S. Patent 5,460,950), other subtilisins
(including PC2, PC1/PC3, PACEA4, PC4, PC5/PC6, LPC/PC7/PC8/SPC7 and SKI-1;
Nakayama, Biochem. J,, 327:625-635 (1997)); enterokinase (see U.S. Patent.
5,270,181) or chymotrypsin can be introduced into the cleavage activation site of

GLP-1 for use in the present invention. The disclosure of each of the above

- documents is hereby incorporated herein by reference. Furin is a ubiquitousiy

expressed protease that resides in the trans-golgi and processes protein precursors
before their secretion. Furin cleaves at the COOH-terminus of its consensus
recognition sequence, Arg-X-Lys-Arg (SEQ ID NO: 34) or Arg-X-Arg-Arg (SEQ ID
NO: 35), (Lys/Arg)-Arg-X~(Lys/Arg)-Arg (SEQ ID NO: 36) and Arg-X-X-Arg (SEQ
ID NO: 37), such as an Arg-Gln-Lys-Arg (SEQ ID NO:38). These amino acid -
sequences are a signal for precursor cleavage by the protease furin. Thus, a
heterologous signal sequence can also be synthetically derived from a consensus
sequence compiled from signal sequences (e.g., a consensus sequence compiled

from secreted proteins that are cleaved by signal peptidase).
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In particular embodiments, the heterologous signal sequence has a signal
which is cleaved by a protease that is specific to a particular cell or tissue (e.g.,
muscle, brain). In one embodiment, the heterologous signal sequence is derived
from insulin-like growth factor 1 (IGF-1) which is cleaved by & protease that is
5 present in muscle. In addition, such heterologous signal sequences can be used with
regulatory elements (e.g., promoters, enhancers) that are spéciﬁc to the tissue type
| (e.g., muscle, liver). Examples of such regulatory elements for muscle are provided
in Souza et al., Molec. Ther., 5(5) part 2:5409 (June 2002). Examples of such
regulatory elements for the lﬁler are provided in WO 01/36620. Furthermore, the
10  sequences of the signal sequences can be further modified (e.g., to optimize cleavage
of the precursor GLP-1). For example, the region of the IGF-1 signal sequence

involved in protease cleavage can be modified as follows: -

Wild type (WT)

PLKPAKSAR (SEQID NO: 39)
PLKPAKSKR (SEQ ID NO: 40)
15 PLKPARSAR (SEQ ID NO: 41)
PLRPAKSAR  (SEQID NO: 42)
PLAPAKSAR (SEQ ID NO: 43)
PLKPARSKR (SEQ ID NO: 44)
PLRPAKSKR (SEQ ID NO: 45)
20 PLRPARSKR (SEQ ID NO: 46)
PLAPAKSKR (SEQ ID NO: 47)
PLAPARSKR (SEQ ID NO: 48)
PLAPARSAR (SEQ ID NO: 49)
PLRPARSAR (SEQ ID NO: 50)
25 " The heterologoussignal sequence is linked to GLP-1 using a variety of

techniques. For example, the heterologous signal sequence can be fused in-frame at
about amino acid 7 of GLP-1 using recombinant techniques resulting in production

of a precursor GLP-1 which is a fusion protein. Generally, the heterologous signal
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sequence 1s fused to the N-terminus of GLP-1. For example, the heterologous signal

‘sequence can be linked at about amino acid 6 to about amino acid 7 of GLP-1 to

create an appropriate cleavage site using recombinant techniques. - _

| In particular embodiments, the isolated nucleic acid VQMCh encodes a
precursor GLP-1 comprising Mm GLP-1 linked to a heterologous signal
sequence is selected from the group consisting of SEQ ID NO: 1; SEQ ID NO: 3;
SEQID NO: 5; SEQIDNO: 7; SEQ ID NO: 9; SEQ ID NO: 11; SEQ ID NO: 13;
SEQID NO: 15; SEQ ID NO: 17; and SEQ ID NO: 19. | '

The present invention also relates to an isolated polypeptide eﬁqoded bya
nucleic acid described herein. For example, the isolated mucleic acid which encodes
a precursor GLP-1 comprising mammalian GLP-1 linked to a heterologous signal
sequence, hés an amino acid sequence selected from the group consisting of: SEQID
NO: 2; SEQ ID NO: 4; SEQ ID NO: 6; SEQ ID NO: 8; SEQ ID NO: 10; SEQ ID
NO: 12; SEQ ID NO: 14; SEQ ID NO: 16;SEQ ID NO: 18; and SEQ ID NO: 20.

The precursor GLP-1 of the present invention can further comprise a
component that regulates secretion of GLP-1. For example, the RPD™ Regulated
Secretion/Aggrégaﬁon Kit (Ariad Pharmaceuticals, Inc.) can be linked to the
precursor GLP-1 to regulate secretion of GLP-I.

The nucleic acid and amino acid sequences of the present invention can be
reéombinantly produced, chemically synthesized or obtained from commercial
sources. The nucleic acid and amino acid GLP-1 sequences and heterologous signal
sequences for use in the present invention can be derived from any suitable sburce ’
(e.g., mammalian) and modified as described herein. For example, the GLP-1-and
heterologous signal sequence can be of human origin (U.S. Patent No. 6,191,102;
5,981,488) or of bovine, murine, simian origin as well as other species’ origin, and
may be chimeric, for example including domains of human and non-human GLP-1
(see, for example, by analogy United States Patents 5,364,771 and 5,563,045
(FVID).

The present invention further encompasses compositions comprising vectors
(e.g., expression vectors) encoding a precursor GLP-1 of the present invention. The

expression vector can comprise regulatory elements which direct expression of the
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precursor GLP-1. In one embodimeﬁt, the precursor GLP-1 comprises an amino
acid sequence which includes a coding region for a signal for precursor cleavage by
furin and/or signal peptidase (e.g., the nucleic acid sequence encodes an amino acid
sequence which includes a signal for precursor cleavage by furin at the activation
cleavage site of the precursor GLP-1 peptide). In another embodiment, the nucleic
acid sequence encodes an amino acid sequence for a signal peptide which is cleaved
by signal peptidase at the activation cleavage site of the precursor GLP-1 peptide. In
another embodiment, the precursor GLP-1 comprises a heterologous signal sequence
which includes a coding region for a signal for precursor cleavage by signal
peptidase and furin or other prohormone convertase (e.g., PC3)'. In another
embodiment, the nucleic acid construct comprises one or more expression constrﬁcts
which encode a precursor GLP-] and a protease that recognizes the cleavage site of
the precursor GLP-1 (e.g., prohormone convertase 3 (PC3)) such that co expression
in a cell yields biologically active GLP-1. In particular embodiments, the expression
vector can be a viral vector (e.g., an adenovirus vector, a partially-deleted adenovirus
vector, a fully-deleted adenovirus vector, an adeno-associated virus vector, a
pseudoadenovirus, a retrovirus vector, a herpesvirus vector and a lentivirus vector).

" The present invention also relates to an isolated host cell comprising a
nucleic acid which encodes a precursor GLP-1 comprising mammalian GLP-1 linked
to a heterologous signal sequence. In a particular embodiment, the isolated host cell
comprises an expression vector described herein. '

The precursor GLP-1 expressed in the host cells of the present invention is
cleaved resulting in generation of biologically active GLP-1 peptide in vivo. In one
embodiment, the nucleic acid sequence encodes an amino acid séqucnoe which
includes a signal for precursor cleavage by furin and/or signal peptidase at the
activation cléavage site of the modified GLP-1 peptide.

Host cells comprising a nucleic acid vector encoding a precursor GLP-1
peptide in accordance with the present invention may be cultured ex vivo and
administered to or implanted into an individual suffering from 2 diabefic disorder or

disease such as type II diabetes or hyperglycemia, or insulin deficiency. The host

cell comprising a nucleic acid which encodes a precursor GLP-1 comprising
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mammalian GLP-1 linked to a heterologous signal sequence can also be used to
produce the GLP-1 precursor of the present invention. The host cell is cultured
under conditions in which the precursor GLP-1 is produced. The host cell may or
may not further comprise the protease that cleaves the precursor GLP-1.

The compositions of the present invention provides methods of stimulating
iﬁsulin prbduction in a cell or in an individual in need thereof, and therefore, provide
alternative treatments for blood sugar disorders such as diabetes (e.g., type I
diabetes, type II diabetes, hypérglycemia, insulin deficiency) in an individual.

As discussed herein, the present iﬁvention relates to nucleic acid sequences,
amino acid sequence and expression vectors and constructs, which provide an |
effective amount of biologically activate GLP-1 to, for example, the plasma, ortoa
suitable depot organ, such as liver or lung, of an individual in need thereof, Various
embodiments of the invention are possible, each of which is capable of producing an
effective amount of biolo gically active GLP-1 peptide in a patient who is otherwise
lacking sufficient GLP-1 or insulin to achieve prandial and post-prandial ghicose |
levels m the normal range. The present invention in various embodiments relates to
methods of promoting insulin production or treating blodd giucose disorders in an-
individual in need thereof comprisiﬁg (1) administering nucleic acid which encodes
a GLP-1 (2) administering nucleic acid which encodes a precursor GLP-1
comprising GLP-1 that is cleaved to form biologically active GLP-1; and (€))
administering nucleic acid which encodes a precursor GLP-1 comprising a modified
GLP-1 that is cleaved to form biologically active GLP-1 to the individual.

In particular, the present invention relates to a method of promoting insulin
production in an individual in need thereof (e.g., Type I diabetic, Type I -diabet:ic),
comprising administering to the individual an effective amount of a nucleic acid

' encoding a precursor glucagon-like peptide 1 (GLP-1) comprising mammalian GLP-

1 linked to a heterologous signal sequence. The precursor GLP-1 is cleaved in vivo
or ex vivo which results in generation of activated GLP-1 in the individual. In one
embodiment, the nucleic acid is administered in a viral vector (e.g., an adenovirus
vector, a partially-deleted adenovirus vector, a fully-deleted adenovirus vector, an

adeno-associated virus vector, a pseudoadenovirus, a retrovirus vector and a
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lentivirus vector). The nucleic acid of the present invention can also be administered
as naked DNA. | |

The present inventioﬁ alsorelatesto a met-hod of treating an individual
having a blood sugar defect, comprising administering to the individual an effective
amount of a nucleic acid encoding a precursor glucagon-like peptide 1 (GLP-1)
comprising mammalian GLP-1 linkéd to a heterologous signal sequence, wherein the
precursor. GLP-11is cleaved in vivo or ex vivo which results in generation of activated
GLP-1 in the individual. The blood sugar defect can be, for example, a defect such
as Type I diabetes, Type II diabetes and/or hyberglycemia_ |

GLP-1 promotes insulin production in a hyperglycemic individual (that is,
GLP-1 signalling in an individual is dependent on elevated glucose in the individual)
and promotes P cell differentiation and replication. In an individual with Type I
diabetes, the B cells are attacked by the individual’s immune system. _Hovyever, in
the early stage of Type I diabetes, B cells are still present. Thus, administration of
GLP-1 to such an individual would promote B cell differentiation and replication.

. Accordingly;.the present invention relates to a method of treating Type I diabetes,
. particularly in the early stage of the disease, wherein the method comprises

administering the precursor GLP-1 to promote f cell differentiation. In particular,
the precursor GLP-1 is administered prior to elimination of all the f cells in the Type
I diabetic by the immune system. In this embodiment, the method of treating Type I
diabetes can further comprise the use of 1 mmunosuppressxon (eg.
immunosuppressive drugs) to prevent the further destruction of existing f cells by
the individual’s immune system.

Another effect of GLP-1 is to reduce the amount of glucagon and block
gluconeogenesis by the liver in an individual. In between meals, the liver produces
glucose to keep glucose levels constant. If a Type I diabetic does not produce
enough insulin, the liver can produce too much glucose resulting in hyperglycemia.
Thus, the precursor GLP-1 of the present invention can be used to treat a Type I
diabetic, for example, by reducing the risk of hyperglycemia in the Type I diabetic
and/or reducing the dosage of insulin needed by a Type I diabetic. Furthermore,
administration of GLP-1 to a Type I diabetic does not iinpose arisk of inducing
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hypoglycemia in the Type I diabetic because GLP-1 only functions when an
individual is hyperglycemic. Thﬁt is, once the Type I diabetic is no longer
hyperglycemic, GLP-1 will no longer exert ts insulinotropic effect. Thus,
administration of precursor GLP-1 to a Type I diabetic who is being treated with
insulin improves the safety of the insulin treatment by preventing hypoglycemia
without causing hyperglycemia in the process.

In the methods of the present invention, the nucleic acid encoding the
precursor GLP-1 comprising a GLP-1 linked to a heterologous signal sequence xhay

* be.co-expressed with a nucleic acid encoding a protease that cleaves the precursor

GLP-1 (e.g., furin). In this manner, GLP-1 could be produced in cells that would not
ordiriérily express the protease, and thus which would not ordinarily cleave the .
precursor GLP-1 product to form biologically active GLP-1. For example, the
nucleic acid encoding a precursor GLP-1 (e.g., a DPPIV resistant analog) may be co-
expressed with a nucleic acid encoding PC3. In this manner, GLP-1 could be .
produced in cells that would not ordinarily express PC3, and thus, which would not
ordinarily cleave proglucagon to form GLP-1.

The methods of promoting insulin production or treating a blood sugar
disorder can also be carried out by administering precursor GLP-1 peptide to an
individual in need thereof. In one embodiment, since the precursor GLP-1 is
delivered outside the cell, the protease that cleaves the precursor GLP-1 is also
administered, thereby resulting in delivery of biologically active GLP-1 in vivo. -In
another embodiment, the prmﬁsbr GLP-1 can comprise GLP-1 linked to a cleavage
site recognized by a protease in the blood. The GLP-1 precursor can also be linked
to amolecule (e.g., a peptide such as albumin) that makes the precursor GLP-1 more
stable and/or that results in cleavage of the precursor GLP-1 in particular areas of the
body (e.g., liver, muscle, brain).

The nucleic acid encoding a precursor GLP-1 may be administered in a viral
vector such as an adenovirus vector, a partially-deleted adenovirus vector, a fully-
deleted adenovirus vector, an adeno-associated virus vector, a pseudoadenovirus, a

retrovirus vector, a herpesvirus vector and a lentivirus vector. The nucleic acid can

* also be administered as naked DNA.
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INSULIN ‘

The immediate precursor of insulin is a single polypeptide, termed
proinsulin, which contains the two insulin chains A and B connected by another _
peptide, C. See Steiner, D. F., Cunningham, D., Spigelman, L. and Aten, B., Science
157, 697 (1967). It has been reported that the initial translation product of insulin
mRNA is not proinsulin itself, but a preproinsulin that contains more than 20
additional amino acids on the émino terminus of proinsulin, See Cahn et al. PNAS
USA 73, 1964 (1976) and Lomedico and Saunders, Nucl. Acids Res. 3, 381 (1976).
The structure of the preproinsulin molecule can be represented schematically as
NH.sub.2 -(pre-peptide}-B chain-(C peptide)-A chain-COOH. Preproinsulin is
processed to mature insulin at thé B/C and C/A junctions by specific proteases, PC2
and PC3, m ;iancreatic islet B-cells. To allow proinsulin processing to occur in a
wide variety of cell types, many groups have modified rat and human insulins so that
they can be processed in the constitutive pathway of secretion. It has been shown
that introduction of furin consensus cleavage sequences at‘ the B/C and A/C
junctions allows efficient processing of the modified proinsulins to ma.tul:e insulin in
different cell types.

Many proteins of medical or research significance are found in or made by
the cells of higﬁer organisms such as vertebrates. These include, for example, the ‘
bormone insulin, other peptide hormones such as growth hormone, proteins involved
in the regulation of blood pressure, and a variety of enzymes havin;g industrial,
medical or research significance. It is frequently difficult to obtain such proteins in
usable quantities by extraction from the organism, and this problem is especially
acute in the case of proteins of human origin. Therefore there is a need for
techniques whereby such proteins can be made by cells outside the organism in
reasonable quintity. In certain instances, it is possible to obtain appropriate cell lines
which can be maintained by the techniques of tissue culture. However, the growth of
cells in tissue culture is slow, the medium is ekpensi\'ze, conditions must be
accurately controlled, and yields are low. Moreover, it is often difficult to maintain a
cultured cell line having the desired differentiated characteristics. [See U.S. Patent
4,652,525; US 4,440,859]
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- Thus, in certain embodiments the present invention comprises methods of '
treating glucose disorders by adﬁlinistering a nucleic acid which encodes an insulin
or modified insulin, together with regulatory elements which will provide for
expression of the coding sequence.

In preferred embodiments, the regulatory elements will be inducible, most
preferably; the regulatory elements will be responsive to insulin and/or glucose.

Thus, the preferred regulatory elements include those promoters and/or enhancers

- described below.

In certain preferred embodiments, the present invention comprises methods
of treating glucose disorders by administering a nucleic acid which encodes an
insulin or modified insulin, together with regulatory elements wﬁich will provide for
expression of the coding sequence, and a nucleic acid which encodes a precursor
GLP-1 of the pméent invention, together with regulatory elements which will
provide for expression of the coding sequence. '

Optionally, it may be advantageous to co-administer C-peptide, or a gene
thefapy vector encoding C-peptide, along with the insulin and/or GLP-1 vectors of
the present invention.

Thus, the present- invention in various embodiments thus comprises (1)
administering nucleic acid which encodes insulin; (2) administering nucleic acid
which encodes a modified insulin that will exhibit activity similar io insulin; (3)
administering nucleic acid which encodes (a) precursor GLP-1 of the present
invention together with (b) insulin or a modified insulin; and (4) administering
nucleic acid which encodesA(-a) precursor GLP-1 of the present invention together
with (b) insulin or a2 modified insulin together with peptide C or a DNA vector
encoding peptide C..

Accordingly, the present invention provides methods of treatment of patients
suffering from blood sugar disorders, such as hyperglycaemia, hypo glycaemia,
diabetes type L, diabetes type II, and hypoinsulinism. In certain embodiments, the
invention provides materials and methods for the treatment of blood sugar disorders,
using vectors which provide insulin to the patient. In other embodiments, the

invention provides materials and methods for the treatment of blood sugar disorders
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using vectors which provide GLP-1 to the patient. In certain preferred embodiments,

both insulin and GLP-1 may be provided to the patient. In certain embodiments of
the invénﬁon, vectors are provided which comprise regulatory elements, such as
promoters and enhancers, that may be controlled by the levels of insulin, glucose or

- other biological and chemical factors in the bloodstream of the patient.

In certain methods of the preseﬁt invention, GLP-1, or modified GLP-1, is
provided to a patient suffering from a glucose utilizing disorder, such as diabetes.
The GLP-1 can be delivered via DNA vectors, which may be viral or non-viral in
origin. In one embodiment, the GLP-1 is provided using a DNA vector encoding a
modified GLP-1 peptide.

In other embodiments, thé present invention relates to methods of treating an
individual having a disbetic disorder or a hyperglycemic disorder, comprising
administering to the individual an effective amount of a DNA vector expressing
GLP-1 or modified GLP-1 in vivo with the result being normalization of blood
glucose levels, and over time, reduction of glycated hemoglobm levels (HB1,().

ADMINISTRATION

Nucleic acid encoding precursor GLP-1 of the present invention can be
administered as any gene fransfer vector, such as viral vectors, including adenovirus,
AAV, retrovirus and lentivirus, as well as plasmid DNA with or without a suitable
lipid or polymer carriers, and is administered under conditions in which the nucleic
acid is expressed in vivo. Alternatively, nucleic acid encoding precursor GLP-1 of
the present invention can be administered as naked DNA or in association with an
amphiphilic compound, such as lipids or compounds, or with another suitable
carrier. The precursor GLP-1 caﬁ also be delivered as a peptide along with
(simultaneously, sequentially) with the proteaée that cleaves the precurosr GLP-1.

The precursor GLP-1 and/or insulin of the px;esent invention can be
administered by introducing nucleic acid (e.g., DNA, cDNA, RNA) encoding the
precursor GLP-1 and/or insulin into the individual wherein the nucleic acid is
expressed and biologically active GLP-1 and/or insulin is generated in vivo.
Alternatively, the nucleic acid encoding the precursor GLP-1 and/or insulin can be
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administered ex vivo to cells (e.g., hepatocytes, myoblasts, fibroblasts, endothelial

cells, keratinocytes, hematopoietic cells) of the individual and then transferred into -

the individual wherein the precurost GLP-1 and/or insulin is expressed and
biologically active GLP-1 and/or insulin is generated i vivo.
The nucleic acid (e.g., cDNA) encoding precursor GLP-1 and/or insulin can

‘be cloned into an expression cassette that has a regulatory element such as a

promoter (cénstimtive or regulatable) to drive transgene expression and a
polyadenylation sequence downstream of the nucleic acid. For example, regulatory
elements that are 1) specific to a tissue or region of the body; 2) constitutive; 3)
glucose responsive; and/or 4) inducible/regulatable can be used. Suitable promoters
include the cﬁomegalo@ (CMV) promoter, the CMV enhancer linked to the
ubiquitin promoter (Cubi), muscle specific promoters (Souza ef al., Molec. Ther.,
3(5) part 2:5409 (June 2002)), liver specific promoters (WO 01/36620), and
conditional promoters such as the dimerizer gene control system, based on the
immunosuppressive agents FK506 and rapamycin, the ecdyéone gene control system -
and the tetracycline gene control system. Also useful in the present invention are
regulatory sequences which can regulate transcription of the precursor GLP-1 of the
present invention, such as the GeneSwitch™ technology (Valentis, Inc., Woodlands,
TX) described in Abruzzese et al,, Hum. Gene Ther. 1999 10:1499-507, the

disclosure of which is hereby incorporated herein by reference. With inducible or

.regulatable promoters, the clinician may exert additional optimization of the

methods of the present invention, such that optimal levels of biologically active
GLP-1 and/or insulin are achieved for blood sugar control.

Particular promoters are of human or mammalian origin. The promoter

' sequence may be a constitutive promoter, or may be an inducible promoter. In

preferred embodiments the promoter may be inducible. Particularly preferred
promoter sequences for use in the present invention include liver type pyruvate

kinase promoters, particularly those fragments which run (-183 to +12) or (-96 to

~+12) (Thompson, et al. J Biol Chem, (1991). 266:8679-82.; Cuif, ez al., Mol Cell

Biol, (1992). 12:4852-61); the spot 14 promoter (S14, -290 to +18) (Jump, et al,, J.
Biol Chem, (1990). 265:3474-8); acetyl-CoA carboxylase (O'Callaghan, et al., J Biol
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Chem, (2001). 276:16033-9); fatty acid synthase (=600 to +65) (Rufo, et al., ] Biol
Chem, (2001). 28:28); and glucose-6-phosphatase (rat and human) (Schmoll, et al.,
FEBS Leit, (1996). 383:63-6; Argaud, et al., Diabetes, (1996). 45:1563-71).

In particular embodiments of the present invention, the insulin coding
sequence or GLP-1 coding sequence is further under the control of one or more
enhancer elements. Among those enhancer elements which will be most useful in
the present invention are those which are glucose responsive, insulin responsive
and/or liver specific. Particular embodiments may include the CMV enhancer
(e.g., linked to the ubiquitin promotér (Cubi))§ one or more glucose responsive
elements, including the glucose responsive element (GIRE) of the liver pyruvate
kinase (I-PK) proxﬁoter (-172 to —142); and modified versions with enhanced
responsiveness (Cuif et al., supra; Lou, ef al., J. Biol Chem, (1999). 274:28385-94);
GIRE of L-PK with auxiliary 1.3 box (-172 to --126) (Diaz Guerra, et ql., Mol Cell
Biol, (1993). 13:7725-33; modified versions of GIRE with enhanced responsiveness
with the auxiliary L3 box; carbohydrate responsive element (ChoRE) of 14 (-1448
to —1422), and modifications activated at lower glucose concentrations (Shih and

' Towle, ] Biol Chern, (1994). 269:9380-7; Shih, et al., J Biol Cherm, (1995).

270:21991-7; and Kaytor et al., J Biol Chem, (1997). 272:7525-31; ChoRE with
adjacent accessory factor site of S14 (-1467 to —1422) [Kaytor, et al., supra];
aldolase (+1916 to +2329) (Gregori et al., J Biol Chem, (1998). 273:25237-43;
Sabourin, ez al.,J. Biol Chem, (1996). 271:3469-73; and fatty acid synthase (-7382 to
—6970) (Rufo, et al., supra.). Preferred embodiments may also include insulin
responsive elements such as glucose-6-phosphatase insulin responsive element (-780
to —722) [Ayala; et al., Diabetes, (1999). 48:1885-9; and liver specific enhancer
elements, such_as prothrombin (940 to —860) [Chow, et al., ] Biol Chem, (1991).
266: 18927-33; and alpha-1-microglobulin (-2945 to —2539) [Rouet e al., Biochem
J, (1998). 334:577-84). '

The expression cassette is then inserted into a vector such as adenovirus,
partially-deleted adenovirus, fully-deleted adenovirus, adeno-associated virus
(AAV), retrovirus, lentivirus, naked plasmid, plasmid/liposome complex, etc. for
delivery to the host via intravenous, intramuscular, intraportal or other route of
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administration. Expression vectors which can be used inthe methods and

‘ compositions of the present invention include, for example, viral vectors. One of the

most frequently used methods of administration of gene therapy, both in vivo and ex
vivo, is the use of viral vectors for délivery of the gene. Many species of virus are
known, and maI{y have been studied for gene therapy purposes. The most
commonly used viral vectors include those derived from adcnoﬁruses, adeno-
associated viruses (AAV) and retroviruses, including lentiviruses, such 2s human
immunodeficiency virus (HIV).

Adenoviral vectors for use to deliver transgenés to celis for aﬁpﬁcaﬁons such
as in vivo gene therapy and in vitro study and/or production of the products of

transgenes, commonly are dérived from adenoviruses by deletion of the early region

-1 (B1) genes (Berkner, K.L., Curr. Top. Micro. Immunol. 1581.39-66 1992).

Deletion of E1 genes renders such adenoviral vectors replication defective and
significantly reduces e)ipression of the remaining viral genes present within the
vector. However, it is believed that the presence of the remaining viral genes in
adenoviral vectors can be déleten'ous to the transfected cell for one or more of the
following reasons: (1) stimulation of a cellular immune respc;nse directed against
expressed viral proteins, (2) cytotoxicity of expressed viral proteins, and (3)
replication of the vector genome leading to cell death. '

One solution to this problem has been the creation of adenoviral vectors with
deletions of various adenoviral gene sequences. In particular, pseudoadenoviral
vectors (PAVs), also known as “gutless adenovirus® or mini-adenoviral vecfors, are
adenoviral vectors derived from the genome of an adenovirus that contain minimal
cis-acting nucleotide sequences required for the replication and packaging of the
vector genome and which can contain one or more transgenes (See, US Patent No.
5,882,877 which covers pseudoadenoviral vectors (PAV) and methods for producing
PAV, incorporated herein by reference). Such PAVs, which can accommodate up to
about 36 kb of foreign nucleic acid, are advantageous because the carrying capacity
of the vector is optimized, while the potential for host immune responsss to the
vector or the generation of replication-competent viruses is reduced. PAV vectors

contain the 5' inverted terminal repeat (ITR) and the 3' ITR nucleotide sequences that
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contain the origin of replication, and the cis-acting nucleotide sequence required for |
packaging of the PAV genome, and can accommodate one or more transgenes with
appropriate regulatory elements, e.g. promoter, enhancers, etc. _

Other, partially deleted adenoviral vectors provide a partially-deleted
adenoviral (termed “DeAd”) vector-in which the majority of adenoviral early genes
required for virus replication are deleted from the vector and placed within a
producer cell chromosome under the control of a conditional promoter. The
deletable adenoviral genes that are placed in the producer cell may include
EiA/ElB, E2, E4 (only ORF6 and ORF6/7 need be placed into the cell), pIX and

» pIVa2. E3 may also be deleted from the vector, but since it is not required for vector

production, it can be omitted from the producer cell. The adenoviral late genes,
normally under the control of the major late promoter (MLP), are present in the
vector, but the MLP may be replaced by a conditional promoter.

Conditional promoters suitable for use in DeAd vectors and pfoducer cell
lines include those with-the following characteristics: low basal expression in the _

uninduced state, such that cytotoxic or cytostatic adenovirus genes are not expressed

Cat Jevels harmful to the cell; and high level expression in the induced state, such that

sufficient amounts of viral proteins are produced to support vector replication and

-assembly. Preferred conditional promoters suitable for use in DeAd vectors and

producer cell lines include the dimerizer gene control system, based on the

_immunosuppressive agents FK506 and rapamycin, the ecdysone gene control system

and the tetracycline gene control system. Also useful in the present invention may
be the GeneSwitch™ technology [Valentis, Inc., Woodlands, TX] described in |
Abruzzese et al., Hum. Gene Ther. 1999 10:1499-507, the disclosure of which is
hereby incorporated herein by reference.

The pértially deleted adenoviral expression system is further described in 7
W099/57296, the disclosure of which is hereby incorporated by reference herein.

Adenoviral vectors, such as PAVs and DeAd vectors, have been designed to
take advantage of the desirable features of adenovirus which render it a suitable
vehicle for delivery of nucleic acids to recipient cells. Adenovirus is a non-

enveloped, nuclear DNA virus with a genome of about 36kb, which has been well-
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characterized through studies in classical genetics and molecular biology (Hurwitz,

"M.S., Adenoviruses Viralogy, 3 edition, Fields ef al, eds., Raven Press, New York,

1996; Hitt, M.M. ef al, Adenovirus Vectors, The Development of Human Gene _
Therapy, Friedman, T. ed., Cold Spring Harbor Laboratory Press, New York 1999).
The viral genes are classified into early (designated E1-E4) and late (designated L1-
L5) uénécdpﬁonal units, referring to the generation of two temporal classes of viral
proteins. The demarcation of these events is viral DNA replication. The human
adenoviruses are divided into numerous serotypes (approximately ;17 numbered
accordingly and classified into 6 groups: A, B, C, D, E and F), based upon pr0pert1es
including hemaglutmatlon of red blood cells, oncogenicity, DNA and protein amino
acid compositions and homologies, and antigenic relationships.

Recombinant adenoviral vectors have several advantages for use as gene
delivery vehicles, including tropiém"for both dividing and non-dividing cells,
minimal pathogenic potential, ability to replicate to high titer for preparation of
vector stocks, and the potential to carry large inserts (Berkner, K.L., Curr. Top.
Micro. Irﬁmunol. 158:39-66, 1992; Jolly, D., Caricer Gene Therapy 1:51-64 1994).

PAVs have been designed to take advantage of the desirable features of
adenovirus which render it 2 suitable vehicle for gene delivery. While adenovirel
vectors can generally carry inserts of ui) to 8kb in size by the deletion of regions
which are dispensable for viral growth, maximal carrying capacity can be achieved
with the use of adenoviral vectors containing deletions of most viral coding
sequences, including PAVs. See U.S. Patent No. 5,882,877 of Gregory et al.;
Kochanek et al., Proc. Natl. Acad, Sci, USA 93 :5731-5736, 1996; Parks et al., Proc.
Natl. Acad. Sci. USA 93:13565-13570, 1996; Lieber et al., J. Virol. 70:8944-8960,
1996; Fisher et al., Virology 217:11-22, 1996; U.S. Patent No. 5,670,488; PCT
Publication No. W096/33280, published October 24, 1996; PCT Publication No.
W096/40955, published December 19, 1996; PCT Publication No. W097/25446,
published July 19, 1997; PCT Publication No. W095/29993, published November 9,
1995; PCT Publication No. W097/00326, published January 3, 1997; Morral ef al,,
Hum. Gene Ther. 10:2709-2716, 1998.
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Since PAVs are deleted for most of the adenovirus genome, production of
PAVs requires the furnishing of adenovirus proteins in frans which facilitate the
replication and packaging of a PAV genome into viral vector _pa.rticles. Most.
commonly, such proteins are provided by irifecting a producer cell with a helper
adenovirus containing the genes encoding such proteins. »

However, such helper virtmeé are potential sources of contamination of a
PAYV stock during purification and can pose potential problems when administering
the PAV to an individual if the contaminating helper adenovirus can replicate and be
packaged into viral particles. |

The use of adenoviruses for gene therapy is described, for example, in United

States Patent 5,882,877; U.S. Patent, the disclosures of which are hereby

- incorporated herein by reference.

Adeno-associated virus (AAV) is a single-stranded human DNA parvovirus
whose genome has a size of 4.6 kb. The AAV genome contains two major genes:
the rep gene, which codés for the rep proteins (Rep 76, Rep 68, Rep 52, and Rep 40)
and the cap gene, which codes for AAV replication, rescue, transcription e;nd
integration, while the cap proteins form the AAV viral particle. AAV derives its
name from its dependence on an adenovirus or other helper virus (e.g., herpesvirus)
to supply essential gene products that allow AAV to undergo a productive infection,
i.e., reproduce itselfin the.host cell. In the absence of helper virus, AAV integrates
as a provirus into the host cell’s chromosome, until it is rescued by superinfection of

the host cell with a helper virus, usually adenovirus (Muzyczka, Curr. T op. Micor.

" Immunol. 158:97-127, 1992).

Interest in AAV as a gene transfer vector results from several unique features

* of its biology. At both ends of the AAV genome is a nucleotide sequence known as

an inverted terminal repeat (ITR), which contains the cis-acting nucleotide
sequences required for virus reblication, rescue, packaging and integration.

There are other advantages to the use of AAV for gene transfer. The host
range of AAV is broad. Moreover, unlike retroviruses, AAV can infect both
quiescent and dividing cells. In addition, AAV has not been associated with human

disease, obviating many of the concerns that have been raised with retrovirus-
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derived gene transfer vectors. Recently, alternative tissue tropisms have been

.demonstrated for the different AAV serotype. For example Chao et al (Mol Ther

2000, 2:619-23) demonstrated that AAVI1 when injected into skeletal muscle, can
direct expression of FIX into the blood that is several logs higher than that obtained
with AAV2. -

Standard approaches to the generation of recombinant rAAV vectors have
required the coordination of a series of intraceliular events: transfection of the host
cell with an rAAV vector genome containing a transgene of interest flanked by the
AAV ITR sequences, transfection of the host celi bya led encoding the genes
for the AAV rep and cap proteins which are required in trans, and infection of the ‘
transfected cell with a helper virus to supply the non-AAV helper functions required
in trans (Muzyczka, N., Curr. Top. Micor. Immunol, 158:97-129, 1992). The
adenoviral (or other helper virus) proteins activate transcription of the AAV rep
gene, and the rep proteins then activate transcription of the AAV cap genes. The cap
proteins then utilize the ITR sequences to package the rAAV genome into anrAAV
viral particle. Therefore, the efficiency of packaging is determined, in part, by the
availability of adequate amounts of the structural proteins, as well as the
accessibility of any cis-af.ting packaging sequences required in the rAAV vector
genome.

Other approaches to improving the productioﬁ of TAAV vectors include the
use of helper virus induction of the AAV helper proteins (Clark, ez al., Gene »
Therapy 3:1124-1132, 1996) and the generation of a cell line containing integrated
copies of the rAAV vector and AAV helper genes so that infection by the helper
virus initiates tAAV production (Clark et al,, Human Gene Therapy 6:1329-1341,
1995). |

rAAV vectors have been produced using replication-defective helper
adenoviruses which contain the nucleotide sequences encoding the rAAV vector
genome (U.S. Patent No. 5,856,152 issued January 5, 1999) or helper adenoviruses
which contain the nucleotide sequences encoding the AAV helper proteins (PCT
International Publication WO095/06743, published March 9, 1995). Production
strategies which combine high level expression of the. AAV helper genes and the
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optimal choice of cis-acting nucleotide sequences in the tAAV vector genome have
been described (pCT IntMonal Application No. W097/09441 published March
13, 1997). .
Current approaches to reducing contamination of TAAV vector stocks by
helper viruses, therefore, involve fhe use of temperature-sensitive helper viruses
(Ensigner et al., J. Virol.,, 10:328-339, 1972), which are inactivated at the non-
permissive temperature. Alternatively, the non-AAV helper genes can be subcloned
into DNA plasmids which are transfected into a cell during rAAV vector production
(Salvetti et al, Hwn_. Gene Ther. 9:695-706, 1998; Grimm, et al., Hum. Gene Ther.
9:2745-2760, 1998; W097/09441). The use of AAV for gene therapy is described,
for example, in United Statés Patent 5,753,500, the disclosures of each of the above

are hereby incorporated herein by reference.

Retrovirus vectors are a common tool for gene delivery (Miller, Nature
(1992) 357:455-460). The ability of retrovirus vectors to deliver an unrearranged,
single copy gene into a broad range of rodent, primate and human somatic cells '
makes retroviral vectors well suited for transferring genes to a cell.

Retroviruses are RNA virusés wherein the viral geriome isRNA. Whena
host cell is infected with a retrovirus, the genomic RNA is reverse transcribed into a
DNA intermediate which is integrated very efficiently into the chromosomal DNA
of infected cells. This integrated DNA intermediate is referred to as a provirus.
Transcription of the provirus and assembly into infectious virus occurs in the
‘presenbe of an .appropriate helper virus or in a cell line containing appropriate
sequences enabling encapsidation without coincident production of a contaminating
helper virus. A helper viris is not required for the production of the recombinant
retrovirus if the sequences for encapsidation are provided by co-transfection with
appropriate vectors.

Another useful tool for producing recombinant retroviral vectors are
packaging cell lines which supply in trans the proteins necessary for producing
infectious virions, but those cells are incapable of packaging endogenous viral
genomic nucleic acids (Watanabe & Termin, Molec. Cell, Biol, (1983) 3(12):2241-
2249; Mann et al., Cell (1983) 33:153-159; Embretson & Temin, J. Firol. (1987)
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61(9):2675-2683). One approach to minimize the likelihood of generating RCR in
‘packaging cells is to divide_the packaging functions into two genomes, for example,
one Which- expresses the gag and pol géne products and the other which expresses
the env gene product (Bosselman et al., Molec. Cell. Biol. (1987) 7(5):1797-1806;

5 Markowitz e al., J. Virol. (1988) 62(4):1120-1124; Danos & Mulligan, Proc. Natl.

“Acad. Sci. (1988) 85:6460-6464). That approach minimizes the ability for co- .
packaging and subsequent transfer of the two-genomes, as well as significantly
decreasing the frequency of recombination due to the presence of three retroviral
genomes in the packaging cell to 'produce RCR. :

10 Lentiviruses are compleﬁ retroviruses which, in addition to the common
.reunviral genes gag, pol and env, contain other genes with regulatory or structural
function. The higher complexity enables the lentivirus to modulate the life cycle

_ thereof] as'in the course of latent infection. A typical lentivirus is the human

immunodeficiency virus (HIV), the etiologic agent of AIDS. Other examples of

15 | lentiviral vectors include, feline immunodeficiency virus (FfV), Simian

’ immunodeficiency virus (SIV), equine immunodeficiency virus (EAIV) and simian
foamy virus type-1 (SFV-1). In vivo, HIV can infect terminally differentiated cells
that rarely divide, such as lymphocytes and macrophages. In vitro, HIV can infect
primary cultures of monocyte-derived macrophages (MDM) as well as HeLa-Cd4 or

20 T lymphoid cells arrested in the cell cycle by treatment with aphidicolih or gamma
irradiation. Infection of cells is dependent on the active nuclear import of HIV .
preintegration complexes through the nuclear pores of the target cells. That occurs
by the interaction of multiple, partly redundant, molecular determinants in the
complex with the nuclear import machinery of the target cell. Identified

25  determinants include a functional nuclear localization signal (NLS) in the gag matrix
(MA) protein, the karyophilic virion-associated protein, vpr, and a C-terminal
phosphotyrosine residue in the gag MA protein. The use of retroviruses for gene
therapy is described, for example, in United States Patent 6,013,516; and U.S. Patent
5,994,136, the disclosures of which are hereby incorporated herein by reference.

30 Other methods for delivery of nucleic acid to cells do not use viruses for

delivery. For example, cationic amphiphilic compounds can be-used to deliver the .
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nucleic acid of the present invention. Because compounds designed to facilitate

- intracellular delivery of biologically active molecules must interact with both non-

polar and polar environments (in or on, for example, the plasma membrane, tissue

fluids, compartments within the cell, and the biologically active molecular itself),

- such compounds are designed typically to contain both polar and non-polar domains.

Compounds having both such domains may be termed amphiphiles, and many lipids
and synthetic lipids that have been disclosed for use in facilitating such intracellular
delivery (Wheﬂier for in vitro or in vivo application) meet this definition. One

_ particularly important class of such amphiphiles is the cationic amphiphiles. In

general; cationic amphiphiles have polar groups that are capable of being positively
charged at or around physiological pH, and this property is understood in the art to
be imbortant in defining how the a.mphjphjlés interact with the many types of
biologically active (therapeutic) molecules including, for example, negatively
charged polynucleotides such as DNA. '

" Examples of cationic amphiphilic compounds that have both polar and non-
polar domains and that ére stated to be useful in relation to intracellular delivery of

-biologically active molecules are found, for example, in the following references,

which contain also useful discussion of (1) the properties of such compounds that
are understood in the art as making them suitable for such applicatioss, and (2) the
nature of structures, as understood in the art, that are formed by complexing of such
amphiphiles with therapeutic molecules intended for intracellular delivery.

(1) Felgner, et al., Proc. Natl. Acad. Sci. USA, 84, 7413-7417 (1987)

- disclose use of positively-charged synthetic cationic lipids including N-»1(2,3-

dioleyloxy)propyl!-N,N,N-trimethylammonium chloride (“DOTMA™), to form

. lipid/DNA complexes suitable for transfections. See also Felgner et al., The Journal
‘of Biological Chemistry, 269(4), 2550-2561 (1994). ‘

(2) Behr et al., Proc. Natl. Acad. Sci USA, 86, 6982-6986 (1989) disclose
numerous amphiphiles including dioctadecyl#midologlycylspemine (“DOGS”).

(3) U.S. Pat. No. 5,283,185 to Epand et al. describes additional classes and
species of amphiphiles including 3.beta.yN-(N.sup.1,N.sup.1 -dimethylaminoethane)
carbamoyl! cholesterol, termed “DC-chol”. .
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(4) Additional compounds that facilitate transport of biologically active
molecules into céﬁs are disclosed in U.S. Pat. No. 5,264,618 to Felgner et al. See
also Felgner et al., The Journal Of Biological Chemistry, 269(4), pp. 2550-2561 .
(1994) for disclosure therein of further compounds including “DMRIE” 1,2~
dimyristyloxypropyl-3-dimethyl-hydroxyethyl ammonium bromide.

(5) Reference to amphiphiles suitable for intracellular delivery of
biologically active molecules is also found in U.S. Pat. No. 5,334,761 to Gebeyehu
et al., and in Felgner et al., Methods (Methods in Enzymology), 5, 67-75 (1993).
The use of compo‘sitiqns comprising cationic amphiphilic compoundé for gene
delivery is described, for example, in United States Patent 5,049,386; US 5,279,833;
US 5,650,096; US 5,747,471; US 5,767,099; US 5,910,487; US 5,719,131; US
5,840,710; US 5,783,565; US 5,925,628; US 5,912,239; US 5,942,634; US
5,948,925; US 6,022,874;U.8. 5,994,317; U.S. 5,861,397; U.S. 5,952,916; U.s.
5,948,767, U.S. 5,939,401; and U.S. 5,935,936, the disclosures of which are hereby
incorporated herein by reference. | |

In addition, nucleic acid encoding precursor GLP-1 and/or insulin of the

- present invention can be delivered using “naked DNA”, Methods for delivering a

non-infectious, non-integrating nucleic acid sequence encoding a desired
polypeptide or peptide operably linked to a promoter, free from association with
transfection-facilitating proteins, viral particles, liposomal formulations, charged
lipids and calcium phosphate precipitating agents are described in U.S. Patent
5,580,859; U.S. 5,963,622; U.S. 5,910,488; the disclosures of which are hefeby
incorporated herein by reference.

Gene transfer systems that combine viral and nonviral components have also
been reported. Cristiano et al., (1993) Proc. Natl. Acad. Sci. US4 90:11548; Wu et
al. (1994) J. Biol. Chem. 269:11542; Wagner et al. (1992) Proc. Natl. Acad. Sci.
US4 89:6099; Yoshimura et al. (1993) J. Biol. Chem. 268:2300; Curiel et al. (1991)
Proc. Natl. Acad. Sci. USA 88:8850; Kupfer et al. (.1 994) Human Gene Ther.
5:1437; and Gottschalk et al.(1994) Gene Ther. 1:185. In most cases, adenovirus
has been incorporated into the gene delivery systems to take advantage of its
endosomolytic properties. The reported combinations of viral and nonviral
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components genemuy involve either covalent attachment of the adenovirus to a gene

delivery complex or co-internalization of unbound adenovirus with cationic lipid:

'DNA complexes.

As described herein, an “effective amount”of DNA vectors encoding the
insulin, modified insulin and/or precursor GLP-1 is an amount such that when
administered, it produces biolo gically active insulin or GLP-1 molecule, which
results in enhanced blood sugar or insulin levels in the individual to whom it is
administered relative to blood sugar or insulin levels when an effective amount of
these vectors capable of producing activated insulin or GLP-1 protein is not
administered. In addition, the amount of modified insulin or GLP-1 administered to
an individual will vary depending on a variety of factors, including the size, age, -
body weight, general health, sex and diet of the individual. In the particular
embodiments wherein adenoviral or AAV vectors are used, the dose of the nucleic
acid encoding precurosr GLP-1 and/or insulin can be delivered via adenoviral or
AAV particles, generally in the range of about 10° to about 10" particles, more
preferably in the range of aboﬁt 10 to about 10" particles. In the particular

. embodiments wherein retroviral or len_tiviral vectors are used, the dose of the nucleic

acid encoding modified insulin or precursor GLP-1 can be delivered via retroviral or
lentiviral particles, generally in the range of about 10 to about 103 particles, more
preferably in the range of about 10¢ to about 10" particles. When nucleic acid is
delivered in the form of plasmid DNA, a useful dose will generally range from about
1 ug to about 1 g of DNA, preferably in the range from about 100 ug to about 100
mg of DNA. The skilled clinician may also determine the suitable dosage based
upon expression levels geared to meet particular plasma concentration levels of
insulin or GLP-1. Normal fasting plasma concentratioﬁ levels are approximately 15
pM Accordingly, the dosage of nucleic acid encoding modified GLP-1 énd/or
insulin to be used in the present invention may be tailored in order to achieve GLP-1
expression of about 260-500pg perday or 5~ 12.5 pg/ day for a DPPIV resistant
analog. As shown in the exemplification, GLP-1 expression can be controlled using
known techniques, such as the Valentis GeneSwitch 4.0 expression vector (e.g., see
Figure 17). In addition, methods for measuring the plzisma concentration levels of
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insulin or GLP-1 are known in the art, and can be used to monitor and/or tailor the
‘dosage regimen appropriately. .

The vector encodiﬁg modified insulin or precursor GLP-1 can be
adininistéred using a variety of routes of admim'straﬁon. For example, the modified

5 insulin or GLP-1 can be administered intravenously, parenterally, intramuscularly,

- subcutaneously, orally, nasally, by inhalation, by implailt, by injection and/or by
suppository. The composition can be administered in ;1 single dose or m more that
one dose over a period of time to confer the desired effect. ‘

By means of the above embodiments, GLP-1 is thus expressed in the same
10  cell in vivo upon introduction of the vector via intravenous, intramuscular,
intraportal or other route of administration.

Thé present invention also provides_ compositions (e.g., pharmaceutical
compositions) comprising the vectors encoding the modified insulin or precursor
GLP-1 described herein. In one embodiment, the insulin or precursor GLP-1

15  comprises an amino acid sequence which codes for a signal for precursor cleavage
by furin at the activation cleavage éite of the modified insulin or GLP-1. The
: cdmpositidns described herein can also include a pharmaceutically acceptable
carrier. The terrns “pharmaceutically acceptable carrier” or “carrier” refer to any
generally acceptable excipient or drug delivery device that is relatively inert and
20 non-toxic. Exemplary carriers include calcium carbonate, sucrose, dextrose, -
mannose, albumin, starch, cellulose, silica gel, polyethylene glycol (PEG), dried
_skim milk, rice flour, magnesium strearate and the like. ‘
Other suitable carriers (e.g., pharmaceutical caﬁiers) include, but are not
limited to sterile water, salt solutions (such as Ringer’s solution), alcohols, gelatin,
25 carbohydrates such as lactose, amylose or starch, talc, silicic acid, viscous paraffin,
fatty acid esters, hydroxymethylcellulose, polyvinyl pyrolidone, etc. Such '
preparations can be sterilized and, if desired, mixed with auxiliary agents, e.g.,
lubricants, preservatives, stabilizers, wetting agents, emulsifiers, salts for influencing
osmotic pressure, buffers, coloring and/or aromatic substances and the like which do
30 not deterioﬁsly react with the DNA vector encoding modified GLP-1 and/or insulin.
A carrier (e.g., a pharmacéutically acceptable carrier) is preferred, but not necessary
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to administer the DNA vector encodhlg modified GLP-1 and/or insulin. Suitable
formulations and additional carrers are described in Remington’s Pharmaceutical
Sciences (17" Ed., Mack Publ., Co., Easton, PA), the teachings of which are
incorporated herein by reference in their entirety.

The present invention also relates to an expression vector comprising nucleic
acid encoding a modified insulin or precursor GLP-1, wherein the modified insulin

~ or precursor GLP-1 leads to generation of insulin or GLP-1a in vivo. In one

embodiment, the nucleic acid sequence encodes an amino acid sequence which
includes a sign_al for precursor cleavage by furin at the activation cleavage site of the
modified insulin or precursor GLP-1. | '

The present invention also relates to vectors,' viruses and host cells
comprising nucleic acid which encodes a modified insulin or precursor GLP-1,
wherein the modified insulin or precursor GLP-1 leads to generation of biologically
active insulin or GLP-1 in vivo. In one embodiment, the nucleic acid sequence
encodes an amino acid Sequence which includes a signal for precursor cleavage by
furm at the activation cleavage site of the modified msulm or GLP-1. In another
embodiment, the nucleic acid construct compnses an cxpressmn construct which
encodes a precursor GLP-1 and/or insulin wherein the first expression construct
comprises amino acids 1-37 or other variants of human GLP-1 and a leader
sequence. '

Other embodiments include vectors, viruses and host cells comprising
nucleic acids which encode an insulin operably linked to one or more promoters.

For example, promoters that are 1) specific to a tissue or region of the body; 2)

-consﬁtutive; 3) glucose responsive; and/or 4) induciBle/regulatablg can be used.

Suitable promoters include the cytomegalovirus (CMV) promoter, the CMV
enhancer linked to the ubiquitin promoter (Cubi), muscle specific promoters (Souza
etal., Molec. Ther., 5(5) part 2:5409 (June 2002)), liver specific promoters (WO
01/36620), and conditional promoters such as the dimerizer gene control system,
based on the immunosuppressive agents FK506 and rapamycin, the ecdysone gene
control system and the tetracycline gene control system. Other examples of
promoters include the glucose-6-phosphatase promoter; liver type pyruvate kinase
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. promoter; spot 14 promoter; and the acetyl-CoA carboxylase promoter. In preferred
* embodiments, the vectors, viruses and host cells of the invention may additionally be

operably linked to ore or more enhancers selected from the group consisting of an

aldolase enhancer, glucose inducible response elements: Cho response elements

fatty acid synthase; prothrombin; alpha-1-microglobulin; and glucose-6-phosphatase.
The vectors, constructs and viruses of the present invenﬁpn may be assayed

in hepatoma cells, such as H411E cells.
EXEMPLIFICATION
Example 1  GLP-1 Expression Constructs:

Cloning of GLP-1 :
A nucleotide sequence encoding the signal peptide from secreted human

“alkaline phosphatase (SEAP) (Genbank Accession nﬁmber CAA02290) linked to

GLY-8 modified human GLP-1 (GLP-1-Gly-8) was generated by ligation of
overlapping synthetic oligonucleotides. This sequence, shown in figure 1, is codon
optimized and was cloned into the EcoRI and Kbpnl sites of the pCI expression
vector from Promega that contains the CMV promoter, an intron and SV40
polyadenylation signal to create pCISEAPGLP-Gly-8. The signal peptide of SEAP

- targets the hybrid peptide for secretion and processing by signal peptidase at the

SEAP/GLP-1 junction.

The coding sequence for GLP-1 was also linked to other leader sequences.
pCISEAPGLP—Gly-S was cut with EcoRI and BtrI which removes the SEAP leader
and a portion of the GLP-1 sequence. The sequences were replaced with a fragment
generated by overlapping oligonucleotides which contains the leader for proexendin-
4 (amino acids 1-42) (Genbank Accession number P26349) and the missing portion
of GLP-1. The sequence of the proexendin/GLP-1-Gly-8 hybrid, shown in figure 2
is codon optimized. In addition, the proexendin-4 sequence was modified at the
GLP-1 junction to contain a consensus furin cleavage site (Lys-Arg-X-Lys-Arg).

The suategj described for proexendin-4 was used to link the coding '
sequence of GLP-1-Gly8 to other leader sequences. Overlapping oligonucleotides _
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containing the leader sequences for pro-helodermin (J. Biol, Chem., 273(16):9778-
9784 (1998)), pro-glucose—dependeﬁt insulinotropic polypeptide (GIP) (Genbank
Accession number P09681), and pro-insulin-like growth factor 1(IGF1) (Genbank
Accession number IGHUI) were linked to GLP-1-Gly8 via a consensus furin

cleavage site. The sequences for pm—ﬁelodermin (amino acids 1-41), pro-GIP

(amino acids 1-46) , and pro-IGF1 (amino acids 1-48) were codon optimized.

Overlapping oligonucleotides containing the signal peptides from
preproglucagon (amino acids 1-20) (Genbank Accession number P01275), alpha-1
antitrypsin (amino acids 1-24) (Genbank Accession number P01009), and insulin
like growth factor I (amino acids 1-48) (Génba.nk Accession number IGHUI) were
linked to GLP-1Gly8. These signal peptides target the hybrid peptides for secretion
and processing by signal peptidase at the junction with GLP-1.

Additional processing sites besides furin were also used to generate active
GLP-1 from a precursor. Amino acids 1-46 of human factor IX (Genbank Accession
number P00740) contain a signal peptide as well as a cleavage site for a prohormone
convertase, Overiapping oligonucleotides were used to insert this sequence into the
Eco RI/Btr I digested GLP-1 vector. Insulin-like growth factor I is cleaved bya
prohormone convertase at amino acid 71. This processing site (amino acids 63-71)

was inserted in place of the furin cleavage site in the exendin-4/GLP-1 construct.

GLP-1 Production in Cell Lines: o

The clones mentioned above were tested using calcium phosphate mediated
transfection of 293 cells, a human embryonic kidney line. On day 3 following
transfection the amount of GLP-1 secreted from the cells into the culture media was
quantitated using a radioimmune assay (RIA). This assay is based upon the -
competition between labeled I GLP-1 and GLP-1 present in the culture media
binding to a limited quantity of GLP-1 specific antibody. Figure 12 shows that all
constructs expressed GLP-1 at least 10-fold greater than background. The SEAP
construct expressed the smallest amount of GLP-1 while the other constructs
expressed GLP-1 at significantly greater levels.
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Other constructs
 GLP-1 was also linked to the signal peptides of preproglucagon, insulin-like
growth factor I (IGF-I) and alpha 1 antitrypsin. Expression vectors that requlre

cleavage by a prohormone convertase for secretion, analogous to the exendind

* construct, were also prepared. The exendind construct is optimized for cleavage by
* furin and may.not be ideal for expression in muscle. These additional constructs

- contain different prohormone convertase cleavage sites. One construct altered the

furin cleavage site of the exending vector changing it to a processing site found
between the D and E domains of IGF-I. The other is a fusion between GLP-1 and
the leader sequeﬁce from human Factor IX. See Figure 11. _

Expression vector containing constitutively active promoters were also made,
in both plasmid and adenoviral form. These include the elongation factor 1a
promoter, the CMV enhancer linked to the ubiquitin promoter, and a CpG reduced
form of the CMV enilanccr/promoter.

GLP-1 was placed under the control of the elongatipﬁ factor 1o promotér by
digesting pC]EX4GLP-1Gly8 with Bgl I and HindIII, removing the CMV prombter. '

. The elongation factor 1« promoter was cut out from the Invitrogen vector pEF6/V5-

His-TOPO using Bgl I and Hind 1T and inserted into the digested pCI vector,
creating pEF1aGLP-Glys.

GLP-1 Production in Cell Lines:

C2C12 cells are a mouse myoblast cell line and were transfected in the same
manner as 293 cells. Briefly, 3 x 10° cells were plated on a 10cm dish and
transfected the next day using calcium phosphate precipitation. For 293 cells the
cell supernatants were assayed for GLP-1 levels on the third day following -
transfection. For the C2C12 cells, the day following transfection the media was
changed on the cells to 3% horse serum from 10% fetal calf serum. This induced the

cells to fuse into elongated myotubes, similar to skeletal muscle. GLP-1 levels were

assayed one week following transfection. Figure 13 shows the concentration of
GLP-1 in the culture media of transfected 293 cells, a human embryonic kidney line.
The different leader sequences yield dramatically different amounts of secreted GLP-
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1. Figure 14 shows the concentration of GLP-1 in the culture media of C2C12 cells,
a mouse muscle line. The processing site from IGF-I yields a greater amount of
secreted GLP-1 than the furin cleavage site. The Factor IX construct did not secrete

 detectable amounts of GLP-1 from these cells, -

GLP-1 Pr;)duction in vivo:

BALBc mice were transduced with 10 pg of GLP-1 expression plasinid by
the method of high volume tail vein injection using the Trans IT gene delivery -
system from Mirus corp. The animals were injected with the pCI series of GLP-1
vectors, which usé the CMV promoter. Animals -were eye-bled the following day
and plasma was prepared. The amount of GLP-1 present in the plasma was
determined using a radioimmunoassay (RIA) (Peninsula Laboratories, catolgue
number RIK 7123).

Figure 15 shows the plasma concentrations of GLP-1 in mice transduced
with GLP-1 expression plasmids by high-volume tail vein injection. High volume
tail vein injections result primarily in transduction of the liver. The panel of vectors
used include the vectors described herein, and transcription was driven by the CMV -
prométer. These samples were collected 24 hours after injection. The relative

production levels parallel that observed in transfected 293 cells.

GLP-1 Mediated Correction of Blood Glucose:

The obese strain of mice db/db carries a mutation in the leptin receptor and
become identifiably obese around 3 to 4 weeks of age and develop dramatically
elevated blood glucose levels by 8 weeks of age. 10 week old db/db, or their lean
littermates, were injected with 10 pg of GLP-1 expression plasmid or with a control
secreted alkaline phosphatese (SEAP) expression plasmid. The high volume
injection was similar to that described above except that the DNA was iI‘lj ected in
2.5 mls physiologic saline instead of using the Muris trans-IT system. The plasmid
contained the exendin-4GLP-1G1y8 gene was under the control of a hybrid promoter
composed of the human CMV enhancer linked to the ubiqﬁiﬁn promoter (Cubi; US
20020090719 Al; US 2001952152) as well as an intron from the ubiquitin gene.
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The exendin-4GLP-1 gene was excised as a Sca-Not I fragment and cloned into a _
Not I site of the CUbi (US 20020090719 Al; US 2001952152) that had been blunted -
on one side. The blood glucose levels of the mice were monitored for the week prior
to injection using a hand-held glucometer. Bldc_>d glucose was monitored
periodically following injection. GLP-1 levels were monitored by eye-bleed
followed By RIA on days 2 and 14 following injection; levels were steady in the 4-10
nM range.

Figure 16 shows the initial test for the efficacy of GLP-1 expressibn vectors
in treating type 2 diabetes. The db/db mouse is an obese strain of mice that has
dramatically elevated blood ghicose levels and is a commonly used model for type 2
diabetes. Figure 16 shows the blood glucose levels of obese db/db mice, or their
lean littermates, that were treated with a high volume injection of plasmid DNA
coding for exendin4 GLP-1 under the control of the CMV enhancer/fubiquitin
promoter. Control groups of mice were injected with a secreted alkaline
phosphatase (SEAP) expression vector. The GLP-1 expreséion vector lowered
blood glucose levels in both obese and lean mice with no apparent adverse effects.
The glucose levels of the obese mice that reloeived GLP-1 were lowered all the way
to normal levels for a brief period and remained sigﬁﬁcantly below the SEAP
iy ecfed group for several weeks. .

Inducible GLP-1 Expression: .
The exendin-4GLP-1Gly8 gene was inserted into the Vaientis GeneSwitch
vector pVC1673. This plasmid places GLP-1 expression under the control of a
mifepristone inducible promoter. The promoter consists of 6 GAL4 binding sites
linked to the E1b TATA box. This plasmid was co-transfected into 293 cells along
with the Valentis GeneSwitch 4.0 expression vector. The transcriptional activator
encoded by this vector comprises the yeast GAL4 DNA binding domain, a truncated
human progesterone receptor ligand binding domain, and the transcriptional”
activation domain from the human NFkB subunit p65. Cells were transfected using
the calcium phosphate technique. 24 hours following_ transfection, the cells were
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treated with varying amounts of mifepristone. 24 bours following mifepristone
treatment the cell supematants were assayed for G-LP-‘I levels by RIA.

Figure 17 shows inducible expression of GLP-1 using the valentis gene
switch system. The exendind GLP-1 construct was placed under the transcriptional
control of a mifepristone inducible promoter. The GLP-1 vector and the
GeneSwitch vector were w&ansfected into 293 cells and then induced with
increasing concentrations of nﬁifepfistone. The amount of GLP-1 in the supernatant
was measured 24 hours after the addition of hormone.

Example2  Cloning of insulin expression cassettes

Rat.preproinsulin 1cDNA was amplified by PCR from Sprague-Dawley rat
pancreatic cDNA (Clontech) and was cloned as an EcoRI fragment into pSP70
(Promega) to generate pSP70.rppins. The C/A junction of rat preproinsulin already
contains a site which is cleaved by furin, therefore no further modification of this
site was done. The B/C junction was modified by removing the junction from
pSP70.1rppins with BsmFI and PpuMI and replacing the sequence with annealed
synthetic oligonucleotides encoding a junction containing a furin cleavage site
(Oligonucleotide seq: 5705DA 5°
TTCTACAC‘ACCCCGCTCCAAGCGTGAAGTGGAG—3 ’ (SEQID NO: 51);
5706DA 5°-GTCCTCCACTTCACGCTTGGAGCGGGGTGT-3’ (SEQ ID NO: 52).

The pCI vector (Promega) was cut with Nhel and Bglll which removes the
CMYV promoter and the intron. These sequences were replaced with annealed
oligonucleotides containing a polyh'nker! for cloning (oligonucleotide seq: 5°-
GATCTCCTAGGGGTT
TCGAAACCACTAGTAAGCTTACCGCATGCCTTAAG_G-3’ (SEQ ID NO: 53)
and 5’-CTA
GCCTTAAGGCATGCGGTAAGCTTACTAGTGGTTTCGAAACCCCTAGGA-
3°) (SEQID NO: 54). The resulting vector pCllinker contains a polylinker sequence
followed by the SV40polyadenylation signal. The modified rat preproinsulin cDNA
was cloned into pCllinker to create pCl-mppins.

-
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The glucose and insulin responsive rat glncose-6 phosphatase promoter (-
1309 to +68 ) was PCR amplified as a HindIII-SphI fragment which was subcloned
into the HindIT-SphI sites in pCl-rppins to generate PCIG-6-Prppins. Two copies of
the aldolase enhancer (+1916 to +2329) were cloned 5’ to thé G-6-P promoter to

5 generate pCIA1d(2)G-6-Prppins.

The disclosure of all _df the publications w’niéh are cited in this specification
are hereby incorporated herein by reference for the disclosure contained tﬁerein.

While this invention has been particularly shown and described with
references to preferred embodiments thereof, it will be understood by those skilled in

10  the art that various changes in form and details may be made therein without |

depértjng from the scope of the invention encompassed by the appended claims.
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CLAIMS
What is claimed is:
An isolated nucleic aqid which encodes a precursor glucagon-like peptide 1

10

15

20

N

(GLP-1) comprising mammalian GLP-1 linked to a heterologous signal

sequence.

* The isolated nucleic acid of Claim 1 wherein the GLP-1 encoded by the

nucleic acid has an amino acid sequence of SEQ ID NO: 21.

The isolated nucleic acid of Claim 1 wherein the GLP-1 is a modified GLP-
1.

The isolated nucleic acid of Claim 3 wherein the modified GLP-1 encoded
by the nucleic acid-has an amino acid sequence in which alanine at position 8

is replaced with glycine (SEQ ID NO: 21).

The isolated nucleic acid of Claim 3 wherein the modified GLP-1 encoded
by the nucleic acid has an amino acid sequence selected from the group.
consisting of: GLP-1 (7-34) (SEQ ID NO: 23), GLP-1(7-35) (SEQ ID NO:
24), GLP-1(7-36) (SEQ ID NO: 25), Val® -GLP-1(7-37) (SEQ ID NO: 26),
Gln® -GLP-1(7-37) (SEQ ID NO: 27), Thr' -Lys'® -GLP-1(7-37) (SEQ ID
NO: 28), and Lys'®-GLP-1(7-37) (SEQ ID NO: 29). '

The isolated nucleic acid of Claim 1 wherein the heterologous signal
sequence is a sequence selected from the group consisting of: a signal

peptide sequence and a leader sequenc",e.

The isolated nucleic acid of Claim 6 wherein the leader sequence is derived

from a protein selected from the group consisting of: a cytokine, growth



WO 03/014318 ' PCT/US02/25227

8.
"5
10 9.
10.
15
11.
12.
20
25

47-

factor, colony stimulating facto;, a clotting f'c_lctor, (PACAP)/Glucagon
superfamily and serum protein.

The isolated nucleic acid of Claim 6 wherein the heterologous signal
sequence is selected from the group consisting of: a secreted human alkaline
phosphatase (SEAP) signal peptide sequence, a proexendin-4 leader
sequence, a pro-helodermin leader sequence, a pro-glucose dependeﬁt
insulinotropic polypeptide (GIP) leader sequence, a pro-insulin growth factor
1 (IGF1) leader sequence, a preproglucagon leader sequence, an alpha-1
antitrypsin leader sequence and an insulin like growth factor 1. '

The isolated nucleic acid of Claim 1 wherein the heterologous signal

sequence comprises a furin cleavage site.

The isolated nucleic acid of Claim 9 wherein the furin cleavage site encodes
a peptide selected from the group consisting of: Arg-X-Lys-Arg (SEQ ID
NO: 34), Arg-X-Arg-Arg (SEQ ID NO: 35), Lys/Arg-Arg-X-Lys/Arg-Arg
(SEQ ID NO: 36) and Arg-X-X-Arg (SEQ ID NO: 37).

The isolated nucleic acid of Claim 1 wherein the heterologous signal

sequence comprises a prohormone convertase (PC) cleavage site.

The isolated nucleic acid of Claim 1, wherein the nucleic acid is selected
from the group consisting of: .

a) SEQIDNO: 1;

b) SEQ ID NO: 3;

c) SEQIDNO: 5;

d) SEQIDNO: 7;

e) SEQ ID NO: 9;

3] SEQ ID NO: 11;

g) SEQIDNO:13;
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h)  SEQIDNO: 15;
i)y  SEQIDNO:17;and

j)  SEQIDNO: 19.

The isolated nucleic acid of Claim 1, wherein the precursor GLP-1 has an
amino acid sequence selected from the group consisting of:
a) SEO ID NO: 2;

b) SEQ ID NO: 4;

c) SEQ ID NO: 6;

d) SEQ ID NO: §;

e) SEQ ID NO: 10;

f) SEQID NO: 12;

g . SEQ ID NO: 14;

h) SEQ ID NO: 16;

1) SBQ ID NO: 18; and

) SEQ ID NO: 20.

An isolated polypeptide encoded by a nucleic acid of Claim 12.

An isolated precursor glucagon-like peptide 1 (GLP-1) comprising
mammalian GLP-1 linked to a heterologous signal sequence.

An isolateci precursor glucagon-like peptide 1 (GLP-1) of Claim 15, wherein
the precursor GLP-1 has an amino acid sequence selected from the group
consisting of:

a) SEOID NO: 2;.

b)  SEQID NO:4;

c) SEQ ID NO: 6;

d) SEQ ID NO: 8;

e) SEQID NO: 10;

f) SEQID NO: 12;
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2 SEQ ID NO: 14;

h) SEQ ID NO: 16;

1) SEQ ID NO: 18; and

i)  SEQIDNO:20.

An expression vector comprising f;nucleic acid of Claim 1.

An isolated host cell comprising a nucleic acid of Claim 1.

A method of promoting insulin production in an individual in need thereof,

. cdmprising administering to the individual an effective amount of a nucleic

acid encoding a precursor glicagon-like peptide 1 (GLP-1) comprising
mammalian GLP-1 linked to 2 heterologous signal sequence, wherein the
precursor GLP-1 is cleaved in vivo or ex vivo which results in generation of

activated GLP-1 in the individual.

The method of Claim 19 wherein the individual has a blood sugar defect V
selected from the group consisting of: Type I diabetes and Type II diabetes.

The method of Claim 20 wherein the nucleic acid encoding the precursor
GLP-1 is administered in a viral vector.

The method of Claim 20 wherein the nucleic acid encoding the precursor
GLP-1 is administered as naked DNA.

PCT/US02/25227
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SEAP.GLP-1Gly8
10 20 30 40 " 50
GAATTCCGCCCACCATGCTGCTGCTGCTGCTGCTGCTGGGCCTGCGCCTE
- CTTAAGGCGGGTGGTACGACGACGACGACGACGACGACCCGGACGCGGAL
M L L L L L L L G L R D>
. SEAP SIGNAL PEPTIDE_. >
60 70 - . 80 _ 90 100
CAGCTGAGCCTGGGCCACGGCGAGGGCACCTTCACCAGCGACGTGAGCAG
GTCGACTCGGACCCGETGCCGCTCCCETGGAAGTGGTCGCTGCACTCETC
Q0 L .8 L G>

___SEAP SIG -4 G EG TP F T S D V 8 S

GLP-1GLY8 >
110 - 120 | 130 140 i50
CTACCTGCAGGGCCAGGCCGCCAAGGAGTTCATCGCCTGECTGETGARGG
GATGGACCTCCCGETCCGECEETTCCTCAAGTAGCGGACCGRCCACTTCC

YLEGQAAKEFIAWLVK>
GLP-1GLY8 >

GCCGCGGC

CGGCGCCG

G R G»

>

Figure 1
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Exendin-4.GLP-1Glys8

10 20 30 40 50
GRATTCCGCCCACCATGRAAGATCATCCTGTGGCTGTGTCTCTTCGGCCTE
CTTAAGGCGGGTGGTACTTCTAGTAGGACACCGACACACACAAGCCGGAC

M KI I L WL CV F G L>
) PROEXENDIN | >

60 © 70 80 90 100
TTCCTGGCCACCCTETTCCCCATCAGCTGGCAGATGCCCGTGGAGTCCGS
ARGGACCGGTGGGACAAGGEGTAGTCGACCGTCTACGEGCACCTCAGGCC
F L AT DL P P I.S WQ MM P V E.S5 G
PROEXENDIN - >

110 120 130 140 150
CCTGTCCTCCGAGGACTCCGCCAGCTCCCGAGAGCTTCGCCAAGCGCATCA
GGACAGGAGGCTCCTGAGGCGGTCGAGGCTCTCGAAGCGETTCGCGTAGT

L 8§ 8 E D § A5 8§ E S F A K R 1Is
PROEXENDIN >

160 . 170 180 is%0 200
AGCGCCACGGCGAGGGCACCTTCACCAGCEACGTCGAGCAGCTACCTGGAC
TCCCGETGCCECTCCCCTGRAAGTGETCGCTEGCACTCGTCGATEGACCTC

Sy U Y

E G E €T T S DV S s Y 1 E>

’ GLP-1 GLY-8§ ’ >
K R»>
>

210 220 230 240 250

GGCCAGGCCGCCAAGRAGTTCATCGCCTGGCTGGTGARAGGECCGCGECTG
CCGGTCCGGCGGTTCCTCARACTAGCGGACCGACCACTTCCCGGCGCCCAC
G @A 2R KEVFIOZ2ZWUILVIXGETR G
GLP-1 GLY-8 >

Figure 2
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Helodermin GLP-1Gly8

10 20 30 40 50
GRATTCCGCCCACCATGARGAGCATCCTGTGGCTGTETGTGTTTGCCCTE
CTTAAGGCGEGTGGTACTTCTCGTAGGACACCGACACACACARACCGGAC

M K § I L WL CV F G L>
PRO-HELODERMIN >

*

50 70 -~ 80 90 - 100 .

CTGATTGCCACCCTGTTCCCTGTGAGCTGGCAGATGGCCATCAAGAGCAG
GACTAACGGTGGGACAAGGGACACTCGACCGTCTACCGGTAGTTCTCGTC
LIATLFPVSW.QMAIKSR>'
PRO-HELODERMIN >

1i0 120 130 140 150
ACTGTCCTCTGAGGACTCTGAGACAGACCAGAGACTGAAGCGCATCAAGC
TGACAGGAGACTCCTGAGACTCTGTCTGGTCTCTGACTTCGCGTAGTTCG

L. &8 S ED S E TDOQRUIL KR I K
PRO-HELODERMIN ) >

160 170 180 190 N 200
. *
GCCACGGCGAGGGCACCTTCACCAGCGACGTGAGCAGCTACCTGGAGGSC
CGETGCCGCTCCCGTGGAAGTGGTCGCTGCACTCCTCGATGGAL CTCCCG

R> s
H G E ‘G T P T S D V 8 8§ ¥ L BE G>
PRODUCT=GLP-1 >
210 220 230 240

CAGGCCGCCRAGGAGTTCATCGCCTGGCTGETGAACGGCCGCGET
-GTCCGECGETTCCTCARGTAGCGGACCGACCACTTCCCGGCGCCG

Q A A K EF I A WL YV KOG R G>
PRODUCT=GLP-1 >

Figure 3
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GIP.GLP-1Gly8

10 20 30 40 : 50
GAATTCCGCCCACCATGGTGGCCACCARGACCTTTGCCCTGCTGCTCCTE
CTTARGGCGGGETGGTACCACCGGTGGTTCTGEAANCGGGACCGRCGAGGAC
MV a T KT F AL L L Ls

PRO-GIP : >

60 70 80 : 90 100
*
'AGCCTCTTCCTGGCTGTGGGACTGGGCCACPAFAAuCAAGLCFPCTT”
TCGGAGAAGGACCGACACCCTGACCCGCTCTTCTTCCTTCCGGTGRAGTC
5 L FP L AV 6GL GEZ KKETZGTEHF S
' PRO-GIT >

110 120 1zo 140 150
CGCCCTGCCCAGCCTGCCAGTGGGCAGCCATGCCAAGGTGAGCTCLCCAC
GCGGGACGGGTCGGACGGTCACCCETCEGTACGETTCCACTCGAGEGATE

A L P S L P .V E 8 ¥ B XK V 8 8 P>
PRO-CGI? ) >

160 170 i80 180 200
AGARGCGCATCAAGCGCCACGGCGAGGGCACCTTCACCA, G\.GACCTGAGC
TCTTCGCGTAGTTCGCGGTGCCGCTCCCGTGE! ZXACTGGTC(“ CTGCACTCG
Q K R I K R>

PRO-GIP >H G E G T 8 D V S
: 3

210 . 220 230 240 250
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20 30 40 50
GALTTCCECCCACCATGGECARGATCAGCAGCCTGCCCACCCAGCTGTTC
CTTLRAGGCCGETGGTACCCETTCTAGTCETCGEACGEECTGGGTCGRCARG

M G XK I S S L PTOQ L F»>
IGF1 1-48 >

60 : 70 80 20 - 100

*
AAGTGCTGCTTTTGTGACTTCCTGAAGGTGAAGATGCACACCATGAGCTC
TTCACGACGAARACACTGAAGGACTTCCACTTCTACGTGTGGTACTCGAG
X ¢ CFCDVF L KV KMHETMS 8
IGF1 1-48 >

110 i20 130 140 150
CAGCCACCTGTTCTACCTGECCCTGTGCCTGCTGACCTTCACCAGCTCCE
GTCGGTGGACAAGATGGACCGGGACACGGACGACTGGAAGTGETCGAGGT

S HL F Y L ALCULTUILTTFT S 8
IGF1 1-48 >

150 170 180 - 180 200

: *

CCACAGCCAAGCGCATCAAGCGCCACGGCGAGGGCACCTTCACCAGCGAC

GC—TGTCGGTTCGCGTAGTTCGCGGTGCCGCTCCCGTGGAAGTGGTCGCTG
2T 2> ) .

> B I K R> .
FURIN CL 5 H G E 6 T #F T S D>
PRODUCT=GLP-1 >

210 220 230 240 250

GTGAGCAGCTACCTGERAGGGCCAGGCCGCCAAGGAGTTCATCGCCTGGCT
CACTCCTCGATGGACCTCCCGGTCCGEGCGETTCCTCRAAGTAGCGGACCGA
v s 8 ¥ L 8 6 Q A2 KU EUPFTI A VW L>

PRODUCT=GLP~-1 ' >

250
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___PRODUCT=____ >
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T27-1.GLP-1Gly8 . 2o . o 50
GAATTCCGCCCACCATGGGCAAGATCAGCAGCCTGCCCACCCAGCTGTTC
CTTARGGCGGETEETACCCETTCTAGTCGTCGGACGEGTGGCT CGRCAAG
" M ¢ K I § 8L P T Q L F>
IGF-I SIGNAL PEPTIDE >

60 70 . 80 " 90 102

AAGTGCTGCTTTTGTGACTTCCTGAAGGTGA-AGATGCACACCATGAGCTC

: TTCACGACGAAAACACTGAAGGACTTCCACTTC’I‘ACGTGTGGTACTCGAG_
X ¢ ¢ F CDF L K.V XMHETMS 8>
IGF-I SIGNAL PEPTIDE >

110 - 120 130 140 - 150
CAGCCACCTGTTCTACCTGGCCCTGTGCCTGCTGACCTTCACCAGCTCCG

GTCGGTGGACAAGATGGACCGGGACACGGACGACTGGAAGTGGTCGAGGC

S HL F ¥ L AL CL L T F T § S>

IGF-I SIGNAL PEPTIDE

160 170 180 190 200

N *
CCACAGCCCACGGCGAGGGCACCTTCACCAGCGACGTGAGCAGCTACCTG
GGTETCGGETECCGCTCCCETGGAAGTGETCGCTGCACTCGTCCATGGAC -
A T As

sH 6 E 6 T F T § b V 8 8 Y L»

GLP-1GLY8

>

2io0 - 220 230 240 250
GAGGGCCAGGCCGCCAAGGAGTTCATCGCCTGGCTGETEAAGGGCCGECGGT
CTCCCGGTCCGGCGETTCCTCAAGTAGCGGACCGACCACTTCCCGGCECCE

E G ¢ A A K ETF I RARWILV K G R G
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Figure 6
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Preproglucagon. GLP-1Gly8’
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GAATTCCGCCCACCATGAAAAGCATTTACTTTETEECTCGGCTGTTTCTC
CTTAAGGCGGGTGGTACTTTTCGTAAR TGAAACACCGACCCGACARACAC

M K 5 I ¥ PV a2 3L F Vs
GLUCAGON SIGNAI DPEPTIDE
60 70 80 26 100

ATGCTGGTGCAAGGCAGCTGGCAACACGICEAGGECACCTTCACCAGCOGR
TACGACCACGTTCCETCGACCETTETECC3CTCOCETGARAGTCETCGCT
M L VYV QG 5 W 0

__ GLUCAGON SIGNAL = S8 G T & T F T S§ D

110 12 130 140 i50.

-]

CGTGAGCRAGCTACCTGGAGGGCCAGECCECTARGGAGTTCATCGCCTGGC
GCACTCGTCGATGEACCTCCCGETCCGECEETTCOTIAGT AGCGGACCE
I A

V8§ s YL E G G A 2 X E F W>
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Figure 7
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filpna-1 entitrypsin.GLP-1Glys
10 20 30 40 50
GAATTCCGCCCACCATGCCCTC'I’TCTGTCTCCTGGGGCATCCTCCTGCTG
C‘TTAAGGCGGGTGGTACGGGAGAAGACAGAGGACCCCGTAGGAGGAC‘GAC
M P 8§ 8 V 8 W E I L L L>

A1AT SIGNAL PEPTIDE C >

60 - . 70 80 90 100
*
GCAGGCCTGTGCTGCCTGETCCCTGTCTCCCTGGCTCACGGCGAGEECAL
CGTCCGGRCACGACGGACCAGGGACAGAGGGACCGAGTCCCECTCCCETG
2 G L CCL V PV S L as
AIAT SIGNAL PEPTIDE sSH G E G T»

>

110 120 130 140 150
CTTCACCAGCGACETGAGCAGCTACCTGGAGGECCAGGCCGCCAAGGAGT
GARAGTGGTCGCTGCACTCGTCGATGGACCTCCCGGTCCEECEGTTCOTCA

F T 8 D VS5 S Y L E G Q A a2 X Es
GLP-1GLY8 ° ) >

150 i70
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10 20 , 30 40 50
GAATTCCGCCCACCATGCAGAGAGTGAACATGATCATGGCAGAA TCCCCR
CTTAAGGCGGGETGCTACGTCTCTCACT TGTACTAGTACCGTCTTAGEGGT
' M Q RV N M I MAE § P>
PRO-FIX ‘ >

60 70 80 80 100

N " . . +*
GGCCTGATCACCATCTGCCTCCTGGGATACCTCCTGTCTGCTGAGTGCAL
CCGGACTAGTGGTAGACCGAGGACCCTATGGAGGACAGACGACTCACGTS
G.L I TIOCULUL G Y L L 8 A E C T
PRO-FIX >

110 120 130 140 150
AGTGTTCCTGGACCATGAGRATGCCARCAAGATTCTGAACAGACCCAAGE

TCACAAGGACC'I_‘GGTACTCTTACGGTTGTTCTAAGACT‘I‘GTCTGGGTTCT
VFLiDHENANKI.'L'NRPK?
PRO-FIX >

160 170 180 1390 200
GECATGGGGAGGGCACCTTCACCAGCGACGTGAGCAGCTACCTGGAGEGE
CCGTACCCCTCCCGTGGAAGTGETCGCTGCACTCGTCGATEGACCTCCOG
R> : ’

_>H G E G TFTSDV S S YL E G
GLP-1GLY-8 . s

210 220 230 240
CAGGCCGCCAAGGAGTTCATCGCCTGGCTGETGAAGCEGCCECGET
GTCCGGCGETTCCTCAAGTAGCGRACCEACCACTTCCCERCRCCE
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Figure 9



WO 03/014318 PCT/US02/25227

10/19

Exendin-4 (IGF-I) .GLP-1Gly8
.10 20 30 40 50
GAATTCCGCCCACCATGAAGATCATCCTGTGGCTGTGTGTETTCGGCCTG
CTTAAGGCGGGTGETACTTCTAGTAGGACACCGACACACACAAGCCGGAC
M K I I L W L C V F G L»
PRO-EXENDIN-4 >
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TTCCTGGCCACCCTETTCCCCATCAGCTGECAGATGCCCETGEGAGTCOGE
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F L AT L P I S WOQOMUPUVTE S G
PRO- EXENDIN-24 ' >

110 120 130 140 150
CCTGTCCTCCGAGGACTCCGCCAGCTCCGAGAGCCCTCTGAAGCCTGCCA
GEACAGGAGGCTCCTGAGECGETCGAGGCTCTCGEGAGACTTCGGACGET

L s S ED S 2 8 S E s
PRO-ZXENDIN- 4 > L K P A
' - IGF-I PRO >

80 - 180 200

*

AGTCTGCCAGACATGEAGAGGGCACCTTCACATC TGACGTGAGCAGCTAC

TCAGACGGTCTGTACCTCTCCCGTGGAAGTGTAGACTGCACTCG T CGATG

H G E G T F TS5 D V 8 8 Y>
GLP-1GLYE

ft

180 170

K S A R>
>

210 220 230
CTGGAGGGCCAGGCCGCCAAGBEAGTTCATS
GACCTCCCGGTCCGGCEGTTCCTCARGTAG

L E G Q 2 A K E I
- GLP-1GLY3

240 250
CCCTGGCTGETGAAGGGCCGCGGL
CGGACCGACCACTTCCCGGLCGCCE
E W L V K G R G»

>
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GLP-1 Expression Levels in the
Supernatant of Transfected 293 Celis
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[GLP-1] in Transfected 293 Supernatants
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GLP-1 Secreted From C2C12 Cells
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GeneSwitch Control of GLP-1 Expressi;:n
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Examples of Modified GLP-1

His”-Ala-Glu-Gly"- Thr-Phe-Thr-Ser-Asp'-Val-Ser-Ser- Tyr-Leu®-Glu-Gly-Gln-Ala-
- Ala®-Lys-Glu-Phe-Tle-Ala*-Trp-Leu-Val-Lys (SEQ ID NO:23)

His’-Ala-Glu-Gly'*-Thr-Phe-Thr-S er-Asp’5-Va1~Ser—Ser—Tyr-Leu”—Glu—Gle-Gln—Ala-'
Ale®-Lys-Glu-Phe-Tlé-Ala-Trp-Leu-Val-Lys-Gly* (SEQ ID NO: 24)

‘ His’-Ala-Glu-Gly'*-Thr-Phe-Thr-Ser-Asp*-Val-Ser-Ser-Tyr-Leu®-Glu-Gly-Gln-Ala-
Alazs-Lys-Gh_i-Phe—I]e-AJaS°-Trp-Leu-Val-Lys-Gly”-Arg (SEQ ID NO:25)
His’-Val-Glu-Gly'’-Thr-Phe-Thr-Ser-Asp**-Val-Ser-Ser-Tyr-Leu™’-Glu-Gly-Gln-Ala-
Ala®-Lys-Glu-Phe-Tle-Ala*-Trp-Leu-Val-Lys-Gly*-Arg-Gly*’-COOH (SEQ ID NO:26)

His’-Ala-GIn-Gly'-Thr-Phe-Thr-Ser-Asp*-Val-Ser-Ser-Tyr-Leu?-Glu-Gly-Glo-Ala-
Als”-Lys-Glu-Phe-Tle-Ala®-Trp-Leu-Val-Lys-Gly*- Are-Gly*’-COOH (SEQ ID NO:27)

His’- Ala-Glu-Gly'"°-Thr-Phe-Thr-Ser-Asp*-Thr-Ser-Lys-Tyr-Leu?-Glu-Gly-Gln-Ala-
Ala*-Lys-Glu-Phe-Tle-Ala®-Trp-Leu-Val-Lys-Gly*-Arg-Gly"’ (SEQ ID NO:28)

His™-Ala-Glu-Gl y'°-Thr-Phe-Thr-Ser-Asp - Val-Ser-Lys-Tyr-Leu™-Glu-Gly-Gln-Ala-
Ala®-Lys-Glu-Phe-Tle-Ala®*-Trp-Leu-Val-Lys-GlyP-Arg-Gly*’-COOH (SEQ ID NO:29)

77 A 1a-Glu-Gly'*-Thr-Phe-Thr-Ser- Asp'*-Val-Ser-Ser-Tyr-Leu™-Glu-Gly-Gln-Ala-
Ala®-Lys-Glu-Phe-Tle-D-GLn® °-Trp-L¢u-Va1-Lys—G1y”-Arg-G]y”—CO OH(SEQ D
. NO:30)

Figure 18A
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Asp-Glu-Phe-Glu—Arg-Hisi-Alé-Glu;Gly‘°-Thr—Phe-Thr~Ser—Asp 5.V al-Ser-Ser-Tyr-
Leu®-Glu-Gly-Gln-Ala-Ala®-Lys-Glu-Phe-lle-Ala®-Trp-Leu- Val-Lys-Gly*-Arg-Gly*'-
COOH (SEQ ID NO:31)

Glu-Phe-Glu-Arg-His'-Ala-Glu-Gly'*-Thr-Phe-Thr-Ser-Asp**-Val-Ser-Ser-Tyr-Leu®-
' Glu-Gly-Gln-Ala-Ala?-Lys-Glu-Phe-Tle-Ala**-Trp-Leu-Val-Lys-Gly*-Arg-Gly*’- -
COOH (SEQ ID NO:32) '

Arg-His™-Ala-Glu-Gly'*-Thr-Phe-Thr-Ser-Asp'*-Val-Ser-Ser-Tyr-Leu®’-Glu-Gly-Glo-
Alz- Ala®-Lys-Glu-Phe-Tle-Ala®-Trp-Leu-Val-Lys-Gly*>-Are-Gly’’-COOH (SEQ ID
NO33) |

Figure 18B
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